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Metal nanoclusters have been extensively researched in the past few decades due to 
their unusual optical and physicochemical properties. Optical and theoretical 
investigations on these quantum metal nanoclusters allowed researchers to understand the 
origin of their properties and the evolution of optical properties with size. Optical 
characterizations of metal nanoclusters have revealed a lot about the electronic structures 
of metal nanoclusters. However, most of these investigations were conducted in the 
solution phase, while many applications will require solid state materials. This 
dissertation is aimed at the investigation of the effect of cluster-cluster and cluster-
chromophore coupling on the optical properties of solid state and assemblies of metal 
nanoclusters.  
Metal nanoclusters in the solid state were prepared by embedding the nanoclusters 
into a polymer matrix. The use of a polymer host allowed different nanocluster densities 
to be made, thus resulting in different inter-cluster distances. The nanocluster films were 
investigated by linear and non-linear optical spectroscopy. The fluorescence and two-
photon absorption cross-sections of the nanocluster films are greatly enhanced compared 
to the solution phase nanoclusters. These results indicate that there is a strong dipole 
coupling between the nanoclusters due to the short inter-cluster distances, and possible 
energy transfer between the nanoclusters.  
xiv 
 
Similarly, metal nanocluster assemblies and architectures have been explored for 
practical applications due to the possibility of observing collective properties. On the 
fundamental science’s point of view, the super-atom concept of metal nanoclusters means 
that they can add a third dimension to the periodic table, and used as building blocks for 
super-molecules. Presented in this dissertation is the optical characterization of a type of 
nanocluster assembly, metal nanoclusters linked with an organic linker.  A chromophore 
was used as the linker to add functionality to the material.  The correlation between the 
chromophore-Au25 nanocluster oligomer length and molecular geometry with their 
optical properties was analyzed. The chromophore-Au25 nanocluster oligomers showed 
larger transition dipole moment, which results in a two-photon absorption enhancement 
of up to 68 times. An analysis of the molecular geometry around the cluster-
chromophore-cluster bonds reveals that the optical properties of the oligomers are very 
dependent on the molecular geometry. Therefore, solid state metal nanoclusters and 
nanocluster assembly materials are promising candidates for applications such as small 
molecular devices and protective coating for optical limiting. 
Finally, this dissertation also aims to demonstrate the use of metal nanoclusters for 
photodynamic therapy application. Due to the strong quantum confinement effects of 
metal nanoclusters, the existence of triplet excited states and strong absorption, the 
nanoclusters are good candidates for singlet oxygen photosensitization. The rate of 
singlet oxygen generation is compared against three different metal nanoclusters and the 
electronic structure analysis of the metal nanoclusters indicate that high absorption-to-
volume ratio nanoclusters are a select group of metal nanoclusters that will show high 
singlet oxygen formation efficiency. Furthermore, photodynamic therapy by two-photon 
xv 
 
excitation (800 nm) is demonstrated to be more effective than one-photon excitation (400 
nm) due to the large two-photon absorption cross sections of metal nanoclusters. Thus, 
metal nanoclusters can be used as a dual agent for effective photodynamic therapy 
treatment and high-resolution imaging. 
The dissertation is closed by an analysis of the non-linear optical properties of the 
highly fluorescent bimetallic Au@Ag nanoclusters and future directions regarding the 
study of these bimetallic nanoclusters and the fabrication and optical characterization of 

















Figure 1.1. The Lycurgus Cup appears opaque green when it is lit from the outside (A) 
and translucent red when lit from the inside (B). (Source: https://www.nano.gov/timeline) 
 
The use of metal nanomaterials dates back to ancient civilizations. Although they 
were not identified as nano-sized materials initially, gold and silver nanoparticles were 
produced for decorative purposes due to their interesting optical properties. The Lycurgus 
Cup is an example of using metal nanomaterials in the crafting of art (Figure 1.1). In 
1857, Michael Faraday first reported the synthesis of red gold colloids and hypothesized 
that the colloids were smaller than the wavelength of light in the visible spectrum. Later, 
Gustav Mie successfully modeled the optical absorption of the gold nanoparticles by 
solving Maxwell’s equations in 1908. The early period of metal nanoparticle research 
focused on colloidal nanoparticles in the size range of 1 – 100 nm.1–8 With the 




smaller than 1 nm to be detected.  This helped this area of research to gain great interest 
in science and technology.9–13 
1.1 Size-dependent properties of metal nanomaterials 
The electronic properties of metal nanoclusters and nanoparticles differ from those of 
atomic and bulk metals (Figure 1.2). The electronic properties of a system at different 
sizes can be explained by their density of states.14,15 Three-dimensional objects such as 
bulk metals display a continuous distribution of density of states. Their sizes are larger 
than the wavelengths of the external electromagnetic field that interacts with them. As a 
result, the electronic levels in bulk metals are very closely packed, allowing the electrons 
to move freely between the electronic levels. In bulk metals, the conduction band, or 
unoccupied states (shaded in white), is very close in energy to the valence band (shaded 
in black), which allows the electrons to freely move from the occupied to the unoccupied 
states (Figure 1.2). This free movement of electrons is also called a “sea of electrons.” 
The density of states scales down with decreasing particle size. Once it reaches a critical 
size, the highest occupied state and the lowest unoccupied state, also called the Kubo gap, 
will be equal to the thermal energy at room temperature (kBT = 25 meV).
10,15 This is the 
size-induced metal-to-insulator transition. Particles which have an energy gap close to the 
Kubo gap can exhibit metallic or insulating properties, depending on the temperature of 
the system. When the energy gap increases with respect to the Kubo gap, a particle 





Figure 1.2. Size-dependent electronic properties of materials.16 
 
Metal nanoparticles (~10 – 100 nm) are found in the metal-insulator regime. Metal 
nanoparticles are characterized by their surface plasmon resonance, which is the 
collective oscillation of electrons at the surface of the nanoparticle.5,17,18 The surface 
plasmon resonance of metal nanoparticles have been theoretically described by Gustav 
Mie by solving the Maxwell equations.17 In general, the surface plasmon resonance of 
metal nanoparticles red-shifts with increasing particle size, although the opposite trend 
has also been observed under specific conditions.19 The energy levels become quantized 
as the particle size continue to decrease, thus, confining the electrons to discrete energy 
levels due to the increase in the energy gap between the levels. The particles in this size 
regime show molecular-like or insulator properties. From a basic science point of view, 
this size regime is the bridge between molecular systems and large particle systems.20,21 
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Particles in this size regime (1 – 2 nm) have been termed “metal nanoclusters” to 
distinguish them from plasmonic metal nanoparticles. 
Different metal nanoparticles and nanoclusters have been synthesized over the 
decades, but gold has been the most studied type of metal nanoparticle and nanocluster 
due to their exceptional stability.15,22–25 Gold nanoparticles and nanoclusters have been 
investigated for applications in catalysis, biomarkers, imaging, and molecular electronics; 
however, metal nanoclusters have been increasingly gaining research focus due to their 
molecular-like properties.3,26–31 
1.2 Towards quantum confinement: “magic clusters” 
The first observations of small metal nanoclusters were gas phase alkali, noble, group 
IIB and Al metal clusters.9,12,32–37 These gas phase nanoclusters are produced by 
ionization sources in mass spectrometers at only certain sizes as determined by mass 
spectrometry.9,33,34 Distinct periodic patterns in the mass spectra were observed for NaN 
clusters of sizes N = 2, 8, 18, 20, 40, 58. Due to the preferential formation of certain 
cluster sizes, they were termed “magic number” clusters. The electronic structure of these 
nanoclusters resembles a spherical well potential which describes a spherical particle 
following an electron shell closing trend.9,32–35 The existence of magic number clusters 
indicates that these particular cluster sizes are highly stable. Their stability was first 
explained by the jellium model which depicts the nanocluster as a uniform, positively-
charged sphere surrounded by the valence electrons.9,12,38,39 The theoretical treatment of 
the jellium model considers the valence electrons as free electrons and predict the 
electronic properties of the nanoclusters, including plasmon resonance, based on the 
number of atoms.9,12,38,39 Metal nanoclusters have been referred to as “superatoms” due to 
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the similarities in the electronic shell closing between atoms and metal 
nanoclusters.9,12,38,39 
 
Figure 1.3. Potential curve of the ionization of Al7 to Al7
+.43 
 
For further experimental characterization of metal nanoclusters, condensed phase 
metal nanoclusters must be synthesized. Noble metal nanoclusters were the best 
candidates, especially gold, due to their exceptional stability compared to alkali clusters 
in solution.24,39,40 The jellium model has worked well in modeling the electronic structure 
of alkali metal nanoclusters, but it falls short in modelling other types of metal 
nanoclusters.41 The close-shell model was then proposed to explain the stability of ligated 
noble metal nanoclusters.24,41,42 This model can also be applied to symmetrical clusters. 
According to the close-shell model, the valence electrons in a cluster are independent 
from the metal atoms, but confined in a spherical potential well. Due to the symmetry of 
nanoclusters, the valence electrons fill the degenerate electronic levels in a systematic 
shell closing fashion which results in the cluster’s stability.24,41,42 
The aforementioned models work well for symmetrical and spherical systems. 
However, stable non-spherical nanoclusters have also been observed and a new model is 
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needed to describe their electronic structure and stability.43–45 The Clemenger-Nilsson 
potential, also known as the ellipsoidal shell model, was developed for non-spherical 
clusters.43–45 In this model, the valence electrons in the nanoclusters are treated as ellipses 
which adds up to a spherical shape in a single-particle Hamiltonian (Figure 1.3).43,45 All 




Figure 1.4. Atomic and molecular orbitals of Cl- and Al13




Based on the superatom concept, metal nanoclusters are being considered as new 
materials that will add a third dimension to the element’s periodic table.46–49 According to 
the aforementioned models, the excellent stability of metal nanoclusters is due to the 
systematic filling of the degenerate electronic levels. The atomic and molecular orbitals 
of atoms and nanoclusters, respectively, are shown to be similar (Figure 1.4). For atoms, 
their periodicity follow a set of quantum mechanical rules, such as their principle, angular 
momentum, magnetic and electronic spin, and quantum numbers. For clusters, their 
periodicity is determined by the number of atoms, the number of valence electrons per 
atom and the net charge of the cluster.49 The close-shell model describes quite well the 
periodicity of clusters by their valence electron count pattern.49 However, this periodic 
pattern of clusters is only modeled after spherical clusters. Besides the variation in shapes 
(spherical vs ellipsoidal), the electronic structures of metal nanoclusters are largely 
dependent on the crystal structure, type of metal, and ligands. It is, therefore, a challenge 
to reconcile a unified view of metal nanoclusters. In this regard, Rongchao Jin and 
coworkers have recently discovered a magic series of gold nanoclusters, Au28, Au36, 
Au44, Au52, which show a periodic pattern in both their electronic properties and crystal 
structure evolution with increasing size.50 Thus, it may be possible to fit other stable 
metal nanoclusters into a “magic series” of periodicity. 
1.3. Metal nanoclusters in the condensed phase 
Gas phase metal nanoclusters provided the foundation for understanding the quantum 
confinement effects of these ultra-small systems. However, the successful synthesis of 
metal nanoclusters in the solution phase expanded the characterization and the 
understanding of these systems. Unlike gas phase nanoclusters, the solution phase metal 
nanoclusters focused on noble metals such as Au and Ag, and other transition metals such 
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as Zn.1,51,52 Of the different metal nanoclusters, gold nanocluster is the most extensively 
studied due to its better chemical stability in solution compared to other metal clusters. 
Early synthesis of ligated small metal nanoclusters in solution phase was devised by 
Brust et al in 1994.53 The Brust synthesis provided the basis for subsequent developments 
in the synthesis of solution phase metal nanoclusters.54–57 The Brust synthesis consists of 
a redox reaction carried out in a two-phase system (water-toluene).53 The precursor to the 
gold nanoparticles is a Au3+ ion (usually in the form AuCl4
-) which is transferred from 
the aqueous phase to the organic phase by a phase-transfer agent, tetraoctylammonium 
bromide, and is reduced with NaBH4 in the presence of an organic-soluble capping 
ligand. Initially, the Brust synthesis yielded particle sizes of 1 to 3 nm as determined by 
TEM and mass spectrometry.53,58–62 One of the major challenges in the synthesis is 
achieving mono-dispersity. For nanoparticles (> 5 nm; >1,000 atoms), a small difference 
in the number of metal atoms does not affect their electronic properties, therefore, they 
can be identified by their size rather than number of metal atoms. On the other hand, the 
electronic levels of a metal nanocluster are quantized, which is dependent on its crystal 
structure and number of atoms. Therefore, achieving mono-dispersity with atomic 
precision is of paramount importance for structure-property investigations. 
As the interest in the quantum confinement effects in small metal systems increased, 
efforts have been spent into synthesizing clusters that are smaller than 2 nm (< 250 
atoms). Small clusters of 14 to 30 kDa core masses (~70-150 atoms) have been 
synthesized by controlling the cluster growth.63,64 Hostetler and co-workers have 
synthesized a series of gold clusters of ~110 to 4,800 atoms by controlling the cluster 
growth at -78°C.64 According to Schaaff and co-workers, smaller clusters are obtained by 
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reducing a pure Au(I)-ligand polymer sample with excess NaBH4, the reducing agent, 
which is added in its entirety at once to the Au(I)-ligand polymer solution.13 To obtain the 
smallest cluster, 8 kDa core mass, the reaction is terminated early (103 s vs 104 s). This 
reaction produces a mixture of cluster sizes which are separated by fractional 
crystallization. However, fractional crystallization can only resolve core masses of 14 
kDa and higher. To isolate the smallest cluster, liquid gravity column chromatography 
was used. 
Schaaff and co-workers later synthesized a water-soluble version of these clusters by 
using the glutathione (GSH) ligand.65 The different sizes of Au-SG clusters are isolated 
by gel electrophoresis and characterized by MALDI which shows extensive 
fragmentation of the cluster core. The predominant cluster size from the synthesis was 
identified to be a Au28(SG)16. The optical absorption spectrum of this cluster shows step-
like and discrete absorption peaks which indicates the homogeneity of the sample and the 
effectiveness of the electrophoresis separation. Additionally, the Au28(SG)16 nanocluster 
exhibits dual fluorescence in the visible and near-IR spectra.66 It was found that the near-
IR luminescence originates from the triplet excited states by fluorescence lifetime 
measurements. 
With better structural characterizations of the gold clusters, specific cluster sizes are 
now referred to not by their diameter size, but by their exact chemical composition 
Aun(SR)m. Later, other small clusters were also isolated. Donkers et al have devised a 
synthesis to yield two cluster sizes with the phenylethanethiol ligand, the Au140  and 
Au38.
67 Despite having the same ligand, the two clusters are soluble in different solvents 
which can be used as an advantage to separate the clusters. 
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In 2004, Negishi and coworkers were able to prepare a series of small Au:SG 
nanoclusters, Au18, Au21, Au25, Au28, Au32 and Au39.
68 This series of clusters differ only 
by a few atoms, but they were able to be separated by polyacrylamide gel electrophoresis 
and their composition were determined by ESI mass spectrometry. This series of clusters 
showed a clear evolution of optical properties with increasing core size. Later in 2005, 
with improved separation and characterization techniques, the mixture of Au:SG clusters 
was separated into 9 fractions which were identified as Au10(SG)10, Au15(SG)13, 
Au18(SG)14, Au22(SG)16, Au22(SG)17, Au25(SG)18, Au29(SG)20, Au33(SG)22, and 
Au39(SG)24. Optical absorption spectra of these small clusters and of the polymeric Au(I)-
SR clearly shows the evolution of Au(I)-SR complexes to Au nanoclusters. 
Although metal nanocluster separation techniques were greatly improved to isolate 
atomically-precise nanoclusters (AunSRm), the polydispersity in the product of a synthesis 
still in itself presents a drawback. For instance, certain sizes were produced in lower yield 
than others. The need for obtaining high-yield, mono-dispersed and atomically-precise 
nanoclusters become desirable. Professor Jin’s group first reported a synthetic method for 
producing Au25(SR)18 nanoclusters in high yield by a kinetically-controlled reduction of 
the precursors Au(I)-SR polymers.69,70 Later they discovered that Au25(SR)18 nanoclusters 
can be obtained exclusively through the size-focusing phenomenon.71 During the size-
focusing step in the synthesis, the mixture of nanoclusters is subjected to thermal etching 
with excess thiolate ligands to decompose less stable nanocluster sizes.71 The product of 
the decomposition is the non-soluble Au(I)-SR polymer which can be filtered to recover 
pure Au25(SR)18 nanoclusters. The kinetic control of cluster growth and size-focusing 
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methodologies have formed the basis for synthesizing other cluster sizes in high purity 
such as Au38 and Au144.
72–74 
The Au25(SR)18 nanocluster has been the golden child in nanocluster’s investigations, 
as well as a good example of advances in nanocluster synthesis and characterization. The 
Au25(SR)18 nanocluster was initially determined as Au28(SG)16 and 
Au38(SCH2CH2Ph)24.
65,67 Later, by employing high resolution mass spectrometry, the 
identity of this nanocluster was finally unified to Au25(SR)18.
75–77 The Au25(SR)18 
nanocluster has received much attention due to its ultra small size (strong quantum 
confinement effect), stability, and established synthetic method (tailored to produce 
monodisperse Au25).
78–82 
The successful synthesis of monodisperse, atomically precise, Au25 nanocluster 
allowed for its structural determination and structure-property correlation. The structure 
of the Au25 nanocluster consists of a Au13 icosahedra core and six semirings of -S-Au-S-
Au-S- (Figure 1.5).83,84 The core-shell structure is found to be common for ligand-
protected nanoclusters. In the same year, the crystal structure of a larger cluster, 
Au102(SR)44, was also determined to be a core-shell structure.
85 Due to this structure, 
solution phase metal nanoclusters are often called monolayer-protected metal 
nanoclusters (MPC). The core-shell structure is in accordance with earlier theoretical 
prediction that metal nanoclusters contain ring-like metalloorganic staples as protective 




Figure 1.5. Crystal structure of a Au25 nanocluster showing one -SCH2CH2Ph ligand 
(left) and the structure of the Au13 isocahedra core (right) without the semirings.
83 
 
The versatility of producing solution phase metal nanoclusters is that they can be used 
for further reactions. For example, ligand exchange reaction has been employed to extend 
the variety of metal nanocluster systems.87–89 Ligand exchange reaction can be used to 
add a desired ligand, such as a chromophore, to a metal nanocluster which is otherwise 
not accessible by direct synthesis with the desired ligand.90–93 Another advantage to 
ligand exchange reaction is the accessibility to other cluster sizes and isomers which are 
not obtained by direct synthesis.94,95 The basis for ligand-induced structural changes to 
the nanocluster is dependent on the steric hindrance of the new ligand, nanocluster’s 
magic stability, and the degree of bond distortion during the ligand exchange 
process.94,96–98 
1.4. Optical properties of metal nanoclusters 
The production of solution phase metal nanoclusters allowed for further 
characterization of these materials. Metal nanoclusters show strong quantum confinement 
effects which result in molecular-like properties such as distinct absorption and emission 
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transitions. Due to these properties, metal nanoclusters can be used for fluorescence 
imaging, especially in biological samples, or for protective coatings for optics. 
The Goodson group has researched metal nanoparticles and nanoclusters by 
investigating their optical properties using ultrafast spectroscopic techniques.6,7,99–105 
Optical spectroscopy on nanomaterials can reveal the photophysical properties which 
indicate quantum confinement effects. Metal nanoparticles are characterized by their 
surface plasmon resonance (SPR) which is absent in molecular-like metal nanoclusters 
due to the discrete energy level separation.5,17–19 Plasmonic nanoparticles show a very 
fast fluorescence decay (50 fs) due to the Auger recombination. They also show large 
non-linear absorption due to non-linear scattering effects. On the other hand, metal 
nanoclusters are fluorescent.106–108 The energy gap separation between the electronic 
levels reduces the number of non-radiative decay pathways, thus enhancing the 
fluorescence.  
Gold and silver nanoclusters were the most studied type of noble metal 
nanoclusters.109–114 One of the major breakthroughs in the characterization of metal 
nanoclusters is the total structural determination of a [Au25(SR)18]- nanocluster. The 
successful crystal structure determination allowed for structure-property correlation. 
Time-dependent density functional theory calculations show that the optical transitions of 
gold nanoclusters are due primarily from the inter-band (sp-d) and intra-band (sp-sp) 
transitions of the icosahedral Au13 core.
82 The theoretical calculations were reproduced 
experimentally for Au25.
82,83 A clearly defined absorption peak is seen at 670 nm which is 
due to the HOMO-LUMO transition. The HOMO of the nanocluster show significant p-
orbital character, and the LUMO shows d-orbital character.81 The Au25 nanocluster, 
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therefore, can be considered a “superatom” with a total valence electron count of 8 (1S2 
1P6) for the anion form. In low temperature experiments, the absorption spectra of metal 
nanoclusters show sharper features.115,116 More importantly, spectral features were 
narrower at low temperatures, which reveal several optical transitions that would 
otherwise appear as “merged” broad peaks at room temperature. At low temperatures, the 
oscillator strength also increases. The appearance of new vibronic features and blue-shift 
of the optical transitions indicate that there is a strong electron-phonon interaction 
between the 13-atom Au core and the S-Au-S-Au-S staple motifs which constitute the 
shell of the nanocluster.115,116 
Electronic structures and electron-phonon interactions of metal nanoclusters can be 
further investigated by ultrafast spectroscopic techniques such as time-resolved 
fluorescence up-conversion and transient absorption.20,109,111,117–119 Metal nanoclusters 
show much longer fluorescence lifetime (ns to μs) than metal nanoparticles due to their 
discrete energy levels which are quantized.66,106,113 On the other hand, metal nanoparticles 
exhibit a fast Auger recombination in 50 fs. The transient absorption of metal 
nanoclusters also gives evidence of the quantum size effect. Metal nanoclusters show 
broad excited state absorption over a wide range of the visible spectrum, and a ground 
state bleach from the HOMO-LUMO transition.93,109,111,118 On the other hand, metal 
nanoparticles only show a ground state bleach due to the plasmon resonance. 
Additionally, electron dynamics of metal nanoclusters are independent of the excitation 
power, whereas metal nanoparticles show strong power-dependent electron-phonon 
coupling which is characteristic of metallic behavior.93,109,111,118 Furthermore, the excited 
state dynamics of metal nanoclusters show that there is a fast core-to-shell energy transfer 
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within a nanocluster, followed by a long excited state lifetime.111,120 This indicates the 
presence of a triplet excited state derived from the metal-ligand shell. 
The fluorescence properties of metal nanoclusters has been a research attraction due 
to the potential applications of metal nanoclusters in bio-imaging, photodynamic therapy 
(Chapter 5), sensing, optoelectronics, etc.29,113,121,122 The fluorescence of metal 
nanoclusters turns out to be sensitive to the structure of the nanocluster. In ligand-
protected metal nanoclusters, the core-shell structure gives rise to two emission in the 
visible spectrum.109,110,113 The emission which arises from the metal core is centered at 
~500 nm, and the emission which arises from the organometallic Au-ligand shell is 
centered in the near-IR. Not surprisingly, the exact emission maximum, the emission 
quantum yield, and the fluorescence lifetime in the near-IR is very dependent on the type 
of ligand. This ligand-dependent emission has been demonstrated in steady state and 
time-resolved fluorescence of Au25 with different electron-donating and -withdrawing 
ligands.106,110,113,123 It’s been shown that electron-donating ligands, usually the water-
soluble thiolates, enhance the near-IR fluorescence of the metal nanocluster by ligand-to-
metal charge transfer (LMCT). The near-IR emission of the nanoclusters has been 
identified as the nanocluster’s triplet states.106,110,123  
The near-IR fluorescence of metal nanoclusters has a relatively higher quantum yield 
than the visible fluorescence.106,110,113 Due to the nanoclusters’ applications, many 
synthetic efforts have been placed into designing metal nanoclusters with improved 
fluorescence quantum yields.124–129 Some of the approaches consist of doping the metal 
nanoclusters with a different metal atom, aggregation-induced emission, and rigidifying 
the metal-ligand shell. Of particular interest is the phenomenon of aggregation-induced 
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emission. Though studies have been conducted to gain insights into the origin of metal 
nanocluster’s near-IR fluorescence, some questions remained unanswered.106,109,110,113,130 
The discovery of aggregation-induced emission of Au(I)-thiolate complexes shed some 
light into the origin of nanocluster’s fluorescence. The Au(I)-thiolate complexes have 
shown to exhibit strong fluorescence when aggregated.128 The fluorescence is very 
dependent on the degree of aggregation. Thus the near-IR emission of the nanoclusters is 
due to the aggregation-induced emission phenomenon. 
The non-linear optical properties of a material are investigated by their two-photon 
absorption (TPA). TPA is a third-order non-linear optical process involving the 
simultaneous absorption of two photons of lower energy than the absorption transition in 
the linear process. In chapter 2, the TPA process as well as the spectroscopic techniques 
for measuring it will be elaborated further. The TPA cross sections of different metal 
nanocluster sizes have been investigated in our group.131 The TPA cross section of a Au25 
nanocluster is 2,700 GM (1 GM = 10-50 cm4·s·photon-1) at 1290 nm, and it increases to 
427,000 GM at 800 nm.131 This shows that metal nanoclusters have a strong two-photon-
absorbing core since the corresponding one-photon excitation (400 nm) is the optical 
transition from the core. The study shows that the TPA cross section increases with 
cluster’s and particle’s size. However, the study showed that the TPA cross section per 
atom increases with decreasing nanocluster size, indicating strong quantum confinement 
effects. Furthermore, the TPA cross section of isolated Au25 nanoclusters is enhanced in 
the absence of ensemble and aggregation effects.114 The very high TPA cross section of 
metal nanoclusters (at least an order of magnitude higher than chromophores)132 and the 
higher spatial resolution of the two-photon (or multiphoton) transition process make 
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metal nanoclusters useful for photodynamic therapy (Chapter 5), optical limiting and 
improved bio-imaging resolution applications.29,122,131 Other non-linear optical effects 
that are observed in metal nanoclusters include second and third harmonic generation.133 
Optical characterization techniques can also be used to understand the transition of 
quantum confinement effects and continuous energy levels. For example, by examining 
the excited state dynamics and TPA cross sections of different cluster sizes, it was found 
that the emergence of the optical gap occur at the critical size of 2.2 nm.20 Other 
independent studies established that this critical size corresponds to the Au144 nanocluster 
which is ~1.8 nm in size and whose electronic structure show both quantum confinement 
effects and onset of metallic behavior.21,134,119 
1.5. Metal nanoclusters in the solid state 
Solution-phase metal nanoclusters have allowed researchers to conduct investigations 
to understand the properties of these materials. However, many applications will involve 
the use of solid state materials. It has already been reported that the properties of metal 
nanoclusters change in going from the solution phase to the solid phase. For instance, the 
Au25 nanocluster can form covalent bonds between each other when going from the 
solution phase to the solid state.119 The caveat is that this effect is ligand-dependent. 
Besides practical applications, researchers have also employed metal nanocluster films 
for fundamental investigations, such as low temperature optical studies.21,90,120 Mai et al 
have also acknowledged the need to study the properties of nanoclusters in the solid state, 
when they reported the synthesis of silver nanoclusters and nanoparticles in a glass host 
and their non-linear optical properties.121 
Metal nanoclusters are considered super-atoms that can add a third dimension to the 
periodic table. Due to their unique properties, they have been considered as building 
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blocks for larger structural materials.11,46,122–124 It is expected that the assembly of super-
atoms would show new or enhanced properties. The clusters-assembled materials so far 
have been synthesized by fusing the nanoclusters’ cores via metal-metal bond (Figure 
1.6). The type of metal-metal bonding also affects the structure of the assembly and the 
resulting properties. For example, the vertex-sharing bonding assembly has tunable 
conductivity while the face-sharing assembly is metallic.125 Cluster-assembled materials 
with an external linker has received less attention as these may be a different type of 
assemblies than the ones with fused clusters.124 Akola et al have modeled the electronic 
structure of a simple Au25-phenyldithiolate-Au25 dimer and showed that the dimer exhibit 
the collective properties of each individual cluster part.126 By using an organic linker, the 
cluster-assembled materials can have additional functionality, such as a dye. One of the 
works in this thesis will be dedicated into the optical properties investigation of this 
materials. 
 
Figure 1.6. The icosahedra gold cluster as building blocks for supermolecules.125 
1.6. Dissertation outline 
In this dissertation, an emphasis is given to the optical properties of metal 
nanoclusters in the solid state. The spectroscopic techniques used in these works are 
detailed in chapter 2. Do the optical properties of metal nanoclusters in the solid state 
19 
 
differ from those in the solution phase? Are the optical properties of metal nanoclusters in 
the solid state sensitive to the inter-cluster distance? For this purpose, metal nanoclusters 
embedded into polymer matrixes were prepared and characterized by steady state and 
ultrafast non-linear spectroscopy (Chapter 3). Along the same line of inquiry, metal 
nanocluster oligomers were prepared and their optical properties were investigated 
(Chapter 4). By synthesizing metal nanocluster oligomers with an organic linker, the 
inter-cluster distance is fixed and the chain length can be varied. The aim of this inquiry 
is to understand metal nanoclusters assemblies. Do they exhibit enhanced collective 
properties as the result of cluster-to-cluster linkage? Furthermore, can the linker be used 
as a functional group to the nanoclusters and show energy transfer effects? Finally, metal 
nanoclusters were investigated for their application in photodynamic therapy (Chapter 5). 
The goal of this work is to elucidate the relationship between singlet oxygen generation 
rate and nanocluster size or type. It is also the aim of this work to demonstrate the 
effectiveness of using metal nanoclusters as photodynamic therapy agents in live cells by 
two-photon excitation. In chapter 6, a summary of the main results of these works will be 
outlined and future directions of research will be discussed. 
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General background information and operational details are presented in this chapter. 
These techniques are used in the publications which are presented in the later chapters. 
This chapter serves to aid the reader in familiarizing with the techniques and the type of 
information which can be extracted from them, allowing the reader to gain a better 
understanding on the materials that are being investigated in the subsequent chapters. 
2.1. Synthesis of the Au25(SR)18 metal nanocluster 
In the quest to finding a synthetic methodology to produce monodisperse metal 
nanoclusters, that is, metal nanoclusters which are uniform in size with atomic precision, 
scientists have scrutinized and revolutionized the original Brust’s method of thiolate-
protected gold nanoparticle synthesis in order to allow them greater control over the 
course of the synthesis to obtain metal nanoclusters of the desirable size. One successful 





Figure 2.1. One-pot synthesis of the Au25(GSH)18 nanocluster. 
 
Monodisperse Au25(SR)18 nanoclusters are synthesized by the size-focusing method 
which is first reported by professor Rongchao Jin’s lab (Figure 2.1). This method consists 
of two reaction stages. The first stage is the kinetically controlled reduction of a Au3+ 
salt. A solution of HAuCl4·3H2O (170 mg, 0.5 mmol) is prepared in methanol (100 mL) 
and chilled in an ice bath for 15 min. A water-soluble capping ligand, glutathione 
(C10H17N3O6S; GSH) (614 mg, 2 mmol), is then added to the solution and stirred for 30 
min. The solution turns from the initial yellow color to a white/clear solution which 























































reduced by a stronger reducing agent. A freshly prepared NaBH4 (189 mg, 5 mmol) 
solution (25 mL H2O) is added dropwise to the reaction mixture and is stirred for 1 h. The 
solution turns into a dark brown color, indicative of nanoclusters formation. These 
nanoclusters, however, consist of various sizes. Prior to the adaptation of the size-
focusing method, these nanoclusters were usually separated by physical separation 
techniques such as gel electrophoresis. 
The second stage of the reaction is the size-focusing method. During the size-
focusing process, the nanoclusters are subjected to the thiol etching. This method, indeed, 
capitalizes on the concept of “magic clusters” which means that specific sizes of 
nanoclusters are highly stable. In the case of the reaction just described, incubating the 
nanoclusters with excess glutathione at 55°C for 3 h causes the decomposition of the less 
stable sizes. This process is termed by prof. Rongchao Jin as “the survival of the 
robustest.” The result of this synthesis is a monodisperse solution of Au25(SR)18. This 
synthetic strategy is now well documented to yield Au25(SR)18 nanoclusters. This 
procedure is a breakthrough in nanocluster synthesis because it is time effective: one can 
now perform this procedure and obtain Au25(SR)18 nanoclusters without the need to 
perform separation or characterization. The Au25(SR)18 nanocluster has a distinct 
absorption spectrum which can be used to quickly evaluate the reaction product. 
2.2. Ligand exchange reaction of metal nanoclusters 
Ligand exchange reaction is a widely used method for functionalizing metal 
nanomaterials.1–4 The ligand exchange process has been shown to follow an associative 
SN2 mechanism on the metal atom exposed to solvent molecules.
1,5,6 Typically, this is the 
atom at the vertexes of a –S-M-S- organometallic staple motif. Additionally, ligand 
exchange reaction has also been proved to induce structural changes to the nanocluster 
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itself, such as isomerization of the nanocluster’s core and structural deformation.7–10 The 
thermal etching step in the Au25(SR)18 synthesis is an example of structural deformation. 
Therefore, nanoclusters which can not be obtained by direct synthesis can be obtained by 
ligand exchange reaction. Predicting the outcome of a ligand exchange reaction is 
challenging without a systematic study, but the results from published work suggest that 
the type of outcome largely depends on the steric hindrance of incoming ligand, stability 
of the nanocluster’s isomer, magnitude of bond distortion during the exchange reaction, 
and type of nanoclusters. 
Focusing on the reaction of a simple ligand exchange (preserving the nanocluster’s 
core integrity), there has been an interest in using dithiols as the new functional ligand for 
the exchange reaction.11–16 This interest stems from the observed colloidal stability 
improvement of gold nanoparticles upon dithiol binding.11 The reason for this stability is 
due to an entropy gain, specifically in the enhancement of the equilibrium binding 
constant, which is observed in metal complexes with multidentate ligands.15 However, it 
was first thought that bulky dithiols cause decomposition of the nanoclusters in an 
attempt to do ligand exchange.15–17 In later reports, after mass spectrometry 
characterization of the dithiol exchange product, it was shown that ligand exchange was 
successful and that the aromatic dithiol binding mode was inter-staple.12,18 Moreover, 
density functional theory predictions indicate that the electronic levels are minimally 
affected, therefore the nanoclusters retain their structure.12 
There is also an interest in understanding the surface binding and structure of 
monolayer-protected metal nanoclusters because changes in the surface structure affects 
the physicochemical and electronic properties of the nanoclusters.13,14 For example, the 
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dithiol exchange of 2,3-dithiol dimercaptopropane sulfonate into the monolayer of a Au 
nanocluster quenches the near-IR emission of the nanocluster.14 
Chapter 4 will be focused on covalently-linked nanocluster-dye-nanocluster systems. 
To synthesize these nanosystems, a dithiol exchange reaction with Au25(GSH)18 
nanoclusters is employed. Although it was generally thought that bulky dithiols (as it is 
the case in organic dyes) in excess cause the nanocluster’s decomposition, it was 
demonstrated by mass spectrometry analysis that even a very sterically hindered dithiol 
such as BINAS can be successfully exchanged into the nanocluster’s monolayer.12,18 The 
BINAS dithiol was shown to bind between two staple motifs on the Au25 nanocluster.
17,18 
This was possible due to the positioning of the thiol groups which are on the same side of 
the binaphthyl unit. Inter-staple binding was also observed in short chains alkane 
dithiolates.12 In that report, Dass et al also observed that the alkane dithiolates can form 
inter-cluster binding. For the purpose of this thesis, the same dithiolate exchange method 
was employed to form nanocluster oligomers that are linked by a chromophore. To 
prevent inter-staple binding, it was essential to choose a chromophore linker with 
terminal dithiols. Additionally, the chromophore linker must have some degree of 
structural rigidity to prevent coiling as in the case of the alkane dithiols. 
Other parameters to consider for the ligand exchange reaction are number of ligands 
in solution, reaction time and temperature.1,12 The excess of any one of these parameters 
can speed up the extent of the reaction and can also lead to the decomposition of the 
nanocluster.12 
2.3. Steady state absorption and emission 
The steady state spectroscopy provides the initial information on the optical 
properties of the system under study. This includes absorption and emission, in which the 
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excited state of a molecule exists as a constant over time. This initial information is then 
further expanded and elaborated by ultrafast time-resolved spectroscopy which gives the 
absorption and emission processes a time resolution. Non-linear optical properties are 
also based on this initial information. 
The absorption of light by a material corresponds to specific atomic or molecular 
orbital transitions. During this transition, the electrons of an atom or molecule are 
promoted from the low energy ground state to a higher energy excited state. Therefore, 
the wavelength of light that is absorbed corresponds to the energy required to achieve this 
transition. This transition occurs in the 200-800 nm region, approximately, of the 
electromagnetic spectrum, which can be measured by commercially available ultraviolet-
visible (UV-vis) spectrophotometers. The Beer-Lambert law describes UV-vis absorption 
spectroscopy analytically (equation 3.1). The absorption of light, A, is simply the ratio of 
the light intensity that is absorbed, I, over the initial intensity, I0. More useful information 
can be obtained by the equation, such as the molar extinction coefficient, ɛ, which is a 
measure of the extent of light absorption, or the concentration, [C], with a known path 
length of l. Additionally, the UV-vis spectroscopy can also provide a qualitative analysis 
of a molecule, such as changes in the molecule’s surrounding and molecule’s 
degradation. 
                                                              𝐴 = log (
𝐼0
𝐼
) =  𝜖[C]𝑙                                      (2.1) 
The spectrophotometer used for the projects in this thesis is an Agilent model 8341 
equipped with deuterium and tungsten lamps which provides a spectrum range of 200 - 
1100 nm. Sample solutions are contained in quartz cuvettes manufactured by Starna 
Cells, with an optical path of 1 cm. For ultrafast spectroscopy experiments, the absorption 
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at the excitation wavelength is adjusted to prevent saturation on the PMT. The 
spectrophotometer is typically blanked with the cuvette with solvent or air to correct 
variation of the refractive index. 
Steady state emission is the process of relaxation by a molecule in the excited state in 
which photons of specific wavelengths are emitted. A molecule is first excited 
(absorption) and some of the energy absorbed is lost by vibrational relaxation to a lower 
energy, then emission occurs. Therefore, emission usually occurs at lower energy 
wavelengths than the excitation. Additionally, energy can be dispersed through 
competitive relaxation mechanisms. Therefore, emission produces less photons than what 
is initially absorbed. The efficiency of an emission process can be expressed as emission 
quantum yield which is the ratio of photons emitted over photons absorbed. It can be 
calculated experimentally by equation 3.2. 






2                                              (2.2) 
A standard of a known quantum yield, Φstd, is used for calculating the relative quantum 
yield of a sample, Φx. In a typical experiment, a series of solutions of different 
concentrations of the sample and the standard are prepared, and the emission of each is 
measured in a fluorimeter. The areas of fluorescence curves are integrated and plotted 
against the concentrations. This will yield a linear plot, with a slope of Gradx or Gradstd. 
The refractive indexes of the solvents are also taken into consideration to correct 
differences in the spectra, η. 
The fluorimeter that is used in the projects of this thesis is a Fluoromax-2 by Horiba, 
equipped with a xenon lamp which produces the excitation wavelengths. The emission is 
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collected by a photomultiplier tube (PMT) with a diffraction grating that is positioned 90° 
from the excitation source. The solutions are contained in quartz cuvettes by Starna Cells. 
The fluorimeter is also used for measuring the excitation spectrum of a sample. 
Typically, the emission maximum is chosen to be monitored. The intensity of the 
emission maximum is recorded as the instrument scans through a range of excitation 
wavelengths. The maximum intensity of an excitation spectrum corresponds to the 
excitation wavelength which results in the strongest emission. Usually the excitation 
spectrum is the same as the absorption spectrum, but it need not be always the case; in 
other words, it does not necessarily mean the strongest absorption. 
2.4. Time-resolved fluorescence upconversion 
The fluorescence dynamics of a molecule can be investigated by time-resolved 
fluorescence upconversion. This technique allows one to monitor the emission process 
over time which yields information about the electronic processes at the excited state 
such as energy transfer or charge transfer. These processes occur on the time scale of 
femtosecond and picosecond.  
The fluorescence upconversion set-up in our laboratory consists of multiple parts as 
illustrated in Figure 2.2. Our pump laser is a Millennia that produces a 532 nm beam 
which enters into a cavity, the Tsunami, manufactured by Spectra Physics. The gain 
medium is a Ti:sapphire crystal which produces a near IR beam. The system is made to 
mode-lock to produce pulsed laser. This is done by gently disturbing the prism and 
monitoring the laser spectrum with an Ocean Optics. A laser in the continuous wave 
mode (cw) is characterized by a very narrow emission peak, whereas a pulsed laser has a 
broader spectrum. In addition, the peak power of a pulsed laser is higher than a cw laser. 
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The peak power from our Tsunami is usually ~700 mW. The pulses are 120 fs in 
duration, and the repetition rate is 82 MHz. The optics set-up for fluorescence 
upconversion is contained by the FOG-100 system by CDP, Inc. A non-linear crystal 
(NC1 in the diagram), which is a β-barium borate (BBO), is positioned in the beam path 
and up-converts the laser beam to a 400 nm light by second harmonic generation. The 
upconverted beam and residual 800 nm arrive at a dichromic mirror which reflects the 
400 nm beam and transmit the 800 nm beam. 
 
Figure 2.2. Time-resolved fluorescence upconversion set-up diagram. 
 
The 400 nm is directed through a series of focusing lenses and filters to modulate the 
laser power, and focuses in the sample solution. The sample solution is contained in a 
rotating cell holder. The cell consists of 2 quartz windows spaced with a Teflon ring to 
give an optical path length of 1 mm. The rotating cell is fitted with a plastic belt which 
connects to a motor that gives a moderate rotation speed. This is done to prevent photo-
41 
 
damage to the sample. Additionally, the absorption spectrum is measured before and after 
upconversion measurements to verify the sample stability. A Berek compensator, B, is 
position on the beam path to control the polarization of the beam. In this case, a 
perpendicular polarization is used.  
The residual 800 nm beam enters into the optical delay line which produces a gated 
pulse that allows for time-resolved measurements. The position of the retroreflector in the 
delay line is controlled by the computer, and corresponds to the distance the beam travels. 
The distance the beam travels translates into the time it travels. 
The fluorescence of the sample is mixed with the gated pulse on a second BBO 
(NC2) which spatially and temporally overlap. The result is a sum frequency radiation 
(300-400 nm). This up-converted signal is directed into a monochromator which selects a 
specific wavelength to monitor. The signal is finally directed into a PMT connected to the 
computer. The software that accompanies this set-up is Lumex which controls the delay 
line and collect the time-correlated emission signal. 
The data collected has a step size resolution of 6.25 fs. However, the instrument’s 
response function (IRF), which is the instrument’s minimum capability to resolve the 
time duration of an emission process, is ~100 fs. The IRF of the instrument was obtained 
by collecting the raman scattering signal of water at 460 nm. 
The fluorescence upconversion data is fitted by a multi-exponential function 
according to equation 3.3 and 3.4, where F(t) is the fluorescence trace convoluted with 
the IRF, g(t). Our lab has written a program in MATLAB based on these equations to 
allow fluorescence lifetime fitting of the data. Up to four exponential functions are used 
in the program but fewer may be used depending on the fit to the experimental data. The 
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amplitude, an, and lifetime, τn, of the fitting is manually changed to achieve the best fit. 
The exponentials used in our program are exponential decay, therefore the fitted lifetimes 
are the emission (relaxation) lifetimes. In cases where the emission rise time is larger 
than the IRF, it can be fitted by using a negative amplitude in the fit (the reverse of 
exponential decay – exponential growth). 
                                            𝐹(𝑡) =  ∫ 𝑓(𝑡) − 𝑡′𝑔(𝑡′)d𝑡′
𝑡𝑓
𝑡0
                                           (2.3) 
                                                     𝑓(𝑡) =  ∑ 𝑎𝑛 exp (
−𝑡
𝜏𝑛
)𝑚𝑛=1 + 𝑎𝑚+1                                 (2.4) 
2.5. Ultrafast transient absorption 
The ultrafast transient absorption spectroscopy is another technique for measuring the 
excited state dynamics of a system. Unlike the time-resolved fluorescence up-conversion, 
transient absorption can also probe non-fluorescent excited states (dark states). Transient 
absorption spectroscopy is a pump-probe experiment.19,20 The pump is a 120 fs 
monochromatic beam and the probe is a white light (450 – 750 nm). The probe beam is a 
white light generated by a 800 nm beam on a Ti:sapphire plate, which is time-delayed 
with respect to the pump beam. The differential absorption (ΔA) of the probe is measured 
and it’s defined as the absorption in the excited state minus the absorption in the ground 
state.20 The transient absorption is collected as a matrix which contains ΔA, wavelength 
and time. 
Energy transfer processes occur in the timeframe of less than 100 femtoseconds to 
hundreds of picoseconds.21,22 Ultrafast lasers now have the time resolution to investigate 
these processes. In a pump-probe experiment, a fraction of the molecules are excited by 
the pump beam from an initial state S0 to an excited state S1 (Figure 2.3). A delayed 
probe of weak intensity (to avoid multiphoton absorption) is absorbed by the excited 
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molecules from S1 to higher excited states Sn. Different information can be displayed in a 
transient absorption spectrum.19,20 A negative ΔA signal results in the wavelength region 
of ground state absorption, called a ground-state bleach. This results when there is strong 
steady state absorption, and the signal can be predicted by a steady state absorption 
spectrum. A negative ΔA signal also results when there is stimulated emission (Figure 2.3 
C). This only occur for optically allowed transitions and occurs in the same wavelength 
region as that of the molecule’s fluorescence spectrum. A positive ΔA signal is indicative 
of excited state absorption (Figure 2.3 A). This is also limited to optically allowed 
transitions from an excited state to higher excited states. Finally, a positive ΔA signal can 
also indicate a product absorption which is the result of a reaction in the excited state 
which leads to triplet states, charge-separated states or isomerized states.20 This signal 
usually has a large stoke shift with respect to the ground state bleach signal. Based on 
these signals and their lifetimes, it is possible to observe processes such as inter-system 




Figure 2.3. Principle of transient absorption. A sample is excited by a pump beam which 
promotes a fraction of the molecules from the ground state to the excited state (B). The 
probe beam is absorbed by the excited state molecules (A), or cause stimulated emission 
(C). 
 
The transient absorption instrumental set-up in the Goodson lab consists of several 
parts (Figure 2.4). The part where the transient absorption measurements take place is a 
Helios system by Ultrafast Systems Inc (Figure 2.5). The Helios receives ~20% of the 
output of an amplified laser and directs the beam into a variable optical delay line (RR). 
This beam is then focused on a Ti:sapphire plate (SP) to generate a white light between 
450 nm and 750 nm. This becomes the probe beam. The other 80% of the amplified beam 
is directed into the OPA which generates a tunable monochromatic beam that enters the 
Helios. This becomes the pump beam. The pump and the probe beams are focused and 
overlapped in a sample that is contained in a 2 mm quartz cell. The probe light is directed 
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to a CCD detector (Ocean Optics 2000) which is connected to a collection software by 
Ultrafast Systems Inc. 
The amplifier system (Spitfire Spectra Physics) produces femtosecond pulses with 
high power. During the regenerative amplification process, the Spitfire uses the chirped 
pulse amplification (CPA) technique to temporary stretch out the seed pulse (800 nm) 
and combines it with a 7.5 W beam from Empower (532 nm) in a Ti:sapphire crystal. The 
stretched, amplified pulse is then compressed back to 120 fs at 1 kHz and ~800-1,000 
mW. The seed pulse is produced in a separate cavity, the Tsunami, which is pumped by a 
Millennia Pro and generate 800 nm, 100 fs pulses of ~270 mW. 
The amplified beam (80%) is directed to the Optical Parametric Amplifier (OPA, 
Spectra Physics) which allows for a large tunable wavelength range from 350 nm to 
2,000 nm. The output from the OPA is used as the pump/excitation beam in the transient 
absorption experiments. To achieve this range of wavelengths, the optics inside the OPA 
are set up to manipulate non-linear frequency conversion processes (up- and down-
conversion). For the purpose of this thesis, a 400 nm pump beam was used for the 
excitation of the nanocluster’s core states. Therefore, the optics inside the OPA were set 
up to only double the frequency of the amplifier’s output (800 nm) using a BBO crystal. 








Figure 2.5. The Helios set-up for transient absorption measurements. A pump-probe 
experiment. 
2.6. Two-photon absorption 
Two-photon absorption is a non-linear process in which two photons of half the 
energy of a single photon used for one-photon excitation are absorbed simultaneously. 
The two-photon absorption process was first theoretically described by Maria Göppert-
Mayer in 1931. Decades later, with the invention of pulsed lasers, this phenomenon was 
experimentally demonstrated. The two-photon absorption process requires a very high 
density of photons to allow the simultaneous absorption of two photons. Such high 
density and power of photons can be delivered by pulsed lasers. The two-photon 






















absorption process. For example, a molecule that can be excited at 800 nm by two-photon 
absorption, has an absorption at 400 nm. Therefore, the resulting relaxation process, 
radiative or non-radiative, is the same in both absorption processes (Figure 2.6). 
 
Figure 2.6. Jablonski diagram of one-photon absorption, two-photon absorption, and 
emission processes. 
 
Two-photon absorption (TPA) has been used to gain insight into the structure-
function relationship of a molecule, such as charge-transfer strength and changes in 
dipole moment. The TPA of a molecule can be quantitatively analyzed by determining its 
TPA cross section (σ). The TPA cross section describes the simultaneous absorption of 
two photons in a given area and time. Therefore, its unit is in cm4·s·photon-1. Since the 
TPA process is weaker in strength compared to one-photon absorption, the cross sections 
are very small and are thus conveniently reported in units of GM (Göppert-Mayer; 1 GM 
= 10-50 cm4·s·photon-1). There are two techniques for determining the TPA cross sections: 
two-photon excited fluorescence and z-scan. 
2.6.1. Two-photon excited fluorescence 
In two-photon excited fluorescence (TPEF), the fluorescence of a sample after TPA is 
monitored. Since the TPA process is intensity-dependent, specifically square intensity-
dependent, adjusting the laser power and monitoring the fluorescence will allow for the 











Our laboratory has two set-ups which allows for TPEF measurements. The difference 
between the two systems is the excitation source. The one described here has a fixed 
excitation of ~800 nm (Figure 2.7). This system consists of a diode pump laser head, the 
Millennia by Spectra Physics, which produces a 532 nm beam that enters the cavity of a 
Kapteyn-Murnane (KM) Laboratories set-up which contains a Ti:sapphire crystal. The 
output beam is ~800 nm and is mode-locked by gently disturbing one of the prisms in the 
KM set-up and monitoring the output beam using an Ocean Optics. The typical output 
power from the cavity is 200-250 mW, with a pulse duration of 30 fs, and a repetition 
rate of 87 MHz. The beam quality and peak wavelength are adjusted by the two prisms 
inside the cavity. 
 
Figure 2.7. TPEF set-up in our laboratory. 
 
The complete experimental set-up of TPEF includes a circular neutral density (N.D.) 
filter, a beam splitter which reflects a percentage of the beam into a 
photodiode/multimeter device, a focusing lens, L, which increases the photon density in 





















Different excitation powers are obtained by varying the N.D. filter and the resulting 
emission at different excitation powers is recorded. The log of the emission intensity 
against the log of the laser power results in a linear plot with a slope of 2 if a molecule is 
TPA active. In a lot of cases, small variations in the laser and fluorescence alignment to 
the devices and optics will result in a slope of less than 2. Other factors such as the 
stability of the beam power and stray light can also affect the TPEF measurement. 
Typically, a coumarin 307 dye (σ = 15 GM; emission 480 nm) or a rhodamine B dye (σ = 
150 GM; emission 570 nm) are used for improving the alignment of the system by 
monitoring changes in their fluorescence intensity. They are also used as standards for 
calculating the relative TPA cross section of a sample. 
The different excitation powers are recorded by the multimeter which is connected to 
the computer. The multimeter allows for the simultaneous measurement of the laser 
power while the PMT measures the fluorescence. A calibration plot, called the Keithley 
plot, is obtained separately by measuring the laser power using the multimeter and a 
power meter positioned after the beam splitter. The Keithley plot allows for the 
conversion of the input power from mV (multimeter) to mW. 
The TPA cross section that is determined from TPEF experiments follows the 
mathematical equation 2.5. F(t) is the TPEF photons collected per second, η is the 
refractive index of the solvent, σ is the TPA cross section, [C] is the sample’s 
concentration, Φ is the fluorescence quantum yield, gp is the shape factor of the pulsed 
laser (0.664 for Gaussian shape), f is the laser frequency (75 MHz), λ is the excitation 
wavelength, τ is the pulse duration, φ is the collection efficiency, and P(t) is the input 
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intensity. Since a standard dye is used for determining the relative TPA cross section of a 
sample, the laser parameters can be eliminated from the calculation.  






𝜑〈𝑃(𝑡)〉2                               (2.5) 
The logarithm of equation 2.5 results in a linear equation (2.6). Therefore, a log-log plot 
of fluorescence intensity against laser intensity results in a slope of 2 in a two-photon 
absorbing molecule. The third log term, which contains the molecule and laser 
parameters, is the y-intercept, b, of the linear plot. 






𝜑]                     (2.6) 
When comparing a sample (x) against a standard (std), the following equalities can be 
established: 
                                                     2 log[〈𝑃(𝑡)〉]𝑥 = 2 log[〈𝑃(𝑡)〉]𝑠𝑡𝑑                            (2.7) 
                                             log[𝐹(𝑡)]𝑥 − 𝑏𝑥 = log[𝐹(𝑡)]𝑠𝑡𝑑 − 𝑏𝑠𝑡𝑑                           (2.8) 
Equation 2.8 can be simplified to equation 2.9. 
                                                                
[𝐹(𝑡)]𝑥
[𝐹(𝑡)]𝑠𝑡𝑑
= 10(𝑏𝑥−𝑏𝑠𝑡𝑑)                                    (2.9) 
When the logarithm of the power is zero, the F(t) term is equal to b. Therefore, it can be 
substituted into equation 2.9 to yield an expression for calculating the TPA cross section 
of a sample (equation 2.12). 













= 10(𝑏𝑥−𝑏𝑠𝑡𝑑)                     (2.10) 
                                                    
𝜂𝑥𝜎𝑥[𝐶]𝑥Φ𝑥
𝜂𝑠𝑡𝑑𝜎𝑠𝑡𝑑[𝐶]𝑠𝑡𝑑Φ𝑠𝑡𝑑
= 10(𝑏𝑥−𝑏𝑠𝑡𝑑)                                     (2.11) 




                                 (2.12) 
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In using equation 2.12, the TPA cross section of a sample can be calculated by 
knowing the emission quantum yield, concentration, refractive index of the solvent, and 
the y-intercept of the log-log plot. At times the slope of the log-log plot may not yield a 
slope of 2 due to artifacts of the instrument and variables such as residual light which is 
beyond an experimenter’s control. With careful alignment, however, an acceptable slope 
between 1.8 and 2 can be obtained. In which case the slope is corrected by manually 
subtracting fluorescence counts until it yields a slope of 2. Typically, the correction is 
less than 5% of the smallest fluorescence count. 
2.6.2. Z-scan technique 
Another method for that was used in this thesis for TPA measurements is the z-scan 
technique which is a non-linear transmission measurement. Unlike the TPEF method, this 
method measures the transmitted beam after it passes through the sample where TPA 
occurs. 
The general optical set-up for the z-scan technique that is used in this work is 
illustrated in Figure 2.8. The laser system that is used for TPEF was also used for z-scan. 
The beam power is controlled by a circular variable neutral density filter (CVNDF) and 
the intensity of the beam is varied by the focusing lens (f = 10 cm). The sample is 
mounted on a translational stage along the beam path. The non-linear transmission is 
monitored by an open aperture detector as the excitation input intensity is varied by 




Figure 2.8. Optical set-up for non-linear transmission measurement (z-scan). 
 
The intensity-dependent non-linear transmission is plotted against the z-axis of the 
beam to generate a z-scan curve. In an open aperture configuration, the z-scan curve 
shows a drop in transmission near the focus of the beam, where the intensity is highest. 
Typically, the focus point is chosen to be the zero position. This configuration provides 
information about the two-photon absorption process and can be used to calculate the 
TPA cross section. Another configuration, the close aperture configuration, provides 
information about changes in the non-linear refractive index. The open aperture 
configuration was used in this work. 
The change in transmission in the z-scan method can be described by equation 2.13, 
where q0 is defined by equation 2.14; Pi is the input power in the sample and is defined 
by equation 2.15; β is the two-photon absorption coefficient; I0(t) is the intensity at the 
focus; Leff is the effective sample’s length and is defined by equation 2.16; α is the linear 
absorption coefficient; L is the sample’s thickness; z0 is the diffraction length and is 










                                           𝑃(𝑧, 𝑡) = 𝑃𝑖(𝑡)𝑒
−𝛼𝐿 ln [1+𝑞0(𝑧,𝑡)]
𝑞0(𝑧,𝑡)
                            (2.13) 
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                                         (2.15) 
                                                        𝐿𝑒𝑓𝑓 =
1−𝑒−𝛼𝐿
𝛼
                                          (2.16) 




                                               (2.17) 
The z-scan profile can be modeled by equation 2.18 when |q0| < 1. It can be 
simplified to equation 2.20 if α << 1, in which case Leff can be replaced by L. This is 
usually the case for thin samples and when the linear absorption at the two-photon 
excitation wavelength is negligible. The β is related to the TPA cross section σ by 
equation 2.21, where h is the Planck’s constant, v is the laser’s frequency, N is the 
Avogadro’s number, and c is the sample’s concentration. 







𝑚=0                                  (2.18) 








+ higher terms                    (2.19) 








                                   (2.20) 
                                                            𝜎 =
𝛽ℎ𝑣103
𝑁𝑐
                                            (2.21) 
Alternatively, the z-scan transmission profile can be converted to a linear plot by 
taking the difference in transmission, ΔT (equation 2.22).24 
                                                            ∆𝑇 = −𝛽𝐼𝐿𝑒𝑓𝑓                                     (2.22) 
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Comparing between the two techniques for TPA cross section determination, the 
TPEF technique is usually more accurate than the z-scan technique. Fluorescence 
detection is usually a more sensitive technique than measuring absorption, but is limited 
by a molecule’s fluorescence quantum yield. The TPEF is also superior to z-scan because 
the thermal lensing effect of the laser beam can cause an apparent drop in the intensity 
transmission.25 However, the z-scan technique is useful for two-photon absorption cross 
section determination in cases where the fluorescence quantum yield is very low for 
TPEF. 
2.7. Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) 
Mass spectrometry is a widely used analytical tool for small molecules, polymers, and 
proteins. It is used for identifying the chemical formula of a sample, or its molecular 
mass. Mass spectrometry is a very sensitive technique – a small amount of analyte in a 
matrix or solution is enough for detection. 
Mass spectrometry is a versatile technique as it has various configurations.26 It 
consists of four parts: an inlet system which introduces the sample, an ion source to 
produce analyte ions, a mass analyzer which detects the molecular ions by their mass-to-
charge ratio, and a detector. A mass spectrum displays the relative abundance of 
molecular ions, in mass-to-charge ratios. The molecular ions are produced by an ion 
source which can be classified into different types. For metal nanocluster analysis, the 
popular types of ion sources that have been used are electrospray ionization (ESI), which 
employs a high electrical field, and matrix-assisted desorption-ionization (MALDI), 
which uses a laser beam. In this work, the MALDI-MS was employed. 
The ionization process in MALDI-MS is depicted in Figure 2.9.26 A small 
concentration of analyte (approximately micromolar) is first mixed with a UV-absorbing 
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matrix. The mixture is then drop casted and allowed to crystallize on a metal plate. The 
plate is introduced into the MALDI-MS instrument under vacuum and a laser is focused 
on the analyte-matrix mixture. During the desorption process, the matrix absorbs the 
energy of the laser and transfer it to the analyte to form ions which then enters to a mass 
analyzer. The MALDI-MS that was used for the work in this thesis is a Bruker Autoflex 
MALDI (Figure 2.9) which employs a nitrogen laser (337 nm) as the ionization source 
with an adjustable laser repetition rate of up to 2,000 Hz. The MALDI-MS is equipped 
with a time-of-flight (TOF) mass analyzer. The instrument has a range of 100 – 100,000 
m/z. The matrix used in this work is trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB) for organic-soluble nanoclusters, and 2,5-
dihydroxybenzoic acid (DHB) for water-soluble nanoclusters. The instrument is paired with a 
FlexControl software which collects the mass spectrum. Analysis of the mass spectra is 




Figure 2.9. The matrix-assisted laser desorption-ionization process and diagram of the 
Bruker Autoflex MALDI-MS. 
 
In the context of this thesis, mass spectrometry has been used for characterizing metal 
nanoclusters for more than a decade. Mass spectrometry was initially used for 
determining the molecular mass of a metal nanocluster.27–30 Although mass spectrometry 
has been used for a long time for nanoclusters characterization, the exact composition of 
the nanoclusters did not come to light until later. This was partly due to the lack of a 
method for obtaining pure, monodisperse nanoclusters, which hindered the exact 
determination of their chemical formula.31 Another reason was that past techniques used 
hard ionization sources, such has laser desorption ionization mass spectrometry (LDI-
MS), which results in the fragmentation of the nanoclusters.32 The Whetten group has 
identified a series of 1.5 – 3.5 nm Au-thiolate nanoparticles by LDI-MS in 1996, but 











these were big nanoparticles in comparison to what are synthesized and isolated later.27 
The first identification of quantum-sized metal nanoclusters by mass spectrometry was by 
LDI-MS as well, where the 8kDa species was identified as a Au38 nanocluster with step-
like optical absorption.28 The improvement of mass spectrometry to characterize the 
chemical formula of nanoclusters continued in this direction.29,33,34 
The exact structure and formula solution of metal nanoclusters came later with the 
improvement in the mass spectrometry characterization of metal nanoclusters in 
conjunction with the improvement in the size separation to produce monodisperse 
samples. The Tsukuda group improved the polyacrylamide gel electrophoresis separation 
of the water-soluble Aun(GSH)m nanoclusters and by using a soft ionization (ESI-MS) to 
suppress fragmentation, they were able to obtain clean mass spectra.35 It should be noted 
that the Tsukuda group’s ESI-MS was a custom-built instrument with a resolution 
(M/ΔM) of 400.35,36 With the improvement of mass spectrometry characterization of 
metal nanoclusters, the subsequent years saw the successful chemical formula 
determination of metal nanoclusters.37–44 The pinnacle of this success is the re-assignment 
of the Au25(SR)18 nanocluster which was previously determined to be Au38(PET)24 and 
Au28(GSH)16.
35,37 
The ESI and MALDI have been the two popular methods for nanocluster 
characterization. The use of ESI and MALDI is often complementary.41,45 In MALDI-
MS, high molecular species lead to the formation of singly charged ions and offer a wider 
mass range, while in ESI-MS, it leads to the formation of multiply charged species.46,47 It 
should be noted that it is now relatively easier to obtain the mass spectrum of an organic-
soluble nanoclusters by either method compared to the water-soluble nanocluster. It is 
59 
 
more challenging to characterize metal nanoclusters by ESI-MS, but it allows intact 
nanoclusters measurement and a greater precision which allows the observation of 
isotope patterns.48 Although efforts have been put into obtaining intact nanoclusters in the 
mass spectrometry, it should be noted that obtaining a mass spectrum of fragmented 
nanoclusters can provide insights into their structure.41 
2.8. Polyacrylamide gel electrophoresis (PAGE) 
Polyacrylamide gel electrophoresis is a widely used technique in biochemistry for the 
separation proteins for analysis and purification. The molecules in an electrophoresis gel 
respond to an applied electric field by movement towards the electrodes (Figure 2.10). 
The migration rate of the molecules depend on several factors: the strength of the electric 
field, the temperature, the pH, the ion type, the buffer concentration, the gel composition, 
the molecule’s size, shape, mass and charge.49  
The polyacrylamide gel acts as a sieve through which the molecules migrate. The 
pore sizes are controlled by the percent composition of the monomers and the weight 
percent of the cross-linker. Both the molecular mass and size of proteins are large, 
therefore a low gel density (larger pore sizes) of 4 – 15% is used for separating the 
proteins. Metal nanoclusters, however, have large molecular mass and small sizes 
because they are composed of heavy transition metals in far fewer numbers of atoms 
compared to proteins. Therefore, to achieve a good resolution in the separation, smaller 
pore sizes should be used. Increasing the monomers concentration can achieve this. 
Furthermore, a discontinuous buffer system is used to achieve a good separation. In a 
discontinuous buffer system, two gels of different percent compositions are used. The 
stacking gel is usually larger in pore size. Molecules do not all enter the gel at the same 
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time; once they reach the bottom end of the stacking gel, they are more tightly packed. 
The molecules then enter the second gel called the resolving gel which has smaller pore 
sizes. Additionally, the buffer concentration used in the polymerization of the gel and the 
buffer concentration used as the electrode solution are different. 
In addition to increasing the percent composition of the gel, sodium dodecyl sulfate 
(SDS) is removed from the gel-making recipe. SDS-PAGE is very popular for protein 
separation because it allows for a better protein separation by imparting an overall 
negative charge on all proteins, by denaturing the complex conformation of the protein 
and by imparting a similar charge-to-mass ratio to the proteins. In short, the SDS 
standardizes the proteins properties and the basis for their separation is their size. Since 
the nanoclusters are negatively charged, SDS is not necessary. The nanoclusters separate 
on the basis of their molecular mass. Finally, a staining agent is not necessary in the 




Figure 2.10. Gel electrophoresis components. 
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3.2 Abstract 
Gold nanoclusters have been extensively studied in solution for their unique optical 
properties.  However, many applications of nanoclusters involve the use of the material in 
the solid state such as films. Au25(SR)18 in polymeric hosts was used as the model for 
studying the optical properties of nanocluster films. Different film processing conditions 
as well as types of polymers were explored to produce a good quality film that is suitable 
for optical measurements. The best optical film was made using Au25(C6S)18 and 
polystyrene. The formation of nanocluster films drastically reduces the inter-cluster 
distances to a few nanometers, which were estimated and characterized by optical 
absorption. The steady state absorption and emission properties of the nanocluster film 
maintained their molecular characteristic. The emissions from the nanocluster films are 
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found to be strongly enhanced at 730 nm with a smaller enhancement at 820 nm when the 
inter-cluster distance is below 8 nm. The emission enhancement can be attributed to the 
energy transfer between clusters due to the small inter-cluster distance. Two-photon z 
scan revealed that the two-photon absorption cross sections are in the order of 106 GM, 
which is an order of magnitude higher than it is in solution. The TPA enhancement is 
correlated with strong dipole coupling. These results show that metal nanoclusters can be 
made into optical quality films, which increase the interaction between clusters and 
enhances their linear and non-linear optical responses. 
3.3 Introduction 
Monolayer-protected clusters (MPCs) are metal nanosystems less than 2 nm in size, 
covered by a layer of organic ligands, allowing them to be studied in the condensed 
phase.1–5 Some MPCs are found at certain sizes and configurations which earn them the 
name “magic clusters,” while other MPCs do not follow this empirical rule.6,7 The idea 
behind magic clusters is that there is a stable electron shell closing of the metal core and 
ligands, which is detailed in the super atom theory.6 However, this theory is developed 
with spherical clusters. MPCs have also been found to be non-spherical and they have 
been studied theoretically and experimentally.8–10 MPCs are different than typical metal 
nanoparticles because they exhibit molecular characteristics due to quantum confinement 
effects, which give them unique optical and physical properties.2,11–15 In particular, the 
fluorescence2,12,16–22 and high two-photon absorption (TPA) cross section of these 
systems are of great interest.3,5,23–28 These unique optical properties are useful for 
applications such as biological imaging and optical limiting.11,24,29 
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Of the different MPCs that have been discovered, gold nanoclusters have been 
extensively studied.15,19,30,31 The realization of a one-pot synthesis of atomically precise, 
mono-dispersed gold nanoclusters has been achieved by kinetically controlling the 
experimental conditions.13,32–35 One-pot synthesis is now a fairly standard synthetic 
method.2,4,5,35–39 Gold nanoclusters are, therefore, well characterized by various 
techniques. X-ray crystallography is the most powerful characterization technique for 
their structural identification.40 Mass spectrometry is a faster characterization method and 
has been used more commonly.13,32,38,41–47 The advancement in producing atomically 
precise nanoclusters allowed for the understanding of the relationship between structure 
and optical properties.1,2,4,16,17,36,39,41,48 Au25(SR)18 nanoclusters, the most studied MPC, 
exhibits a core-shell motif that is also found for other sizes of nanoclusters.15,41–43,49,50 
The unique optical properties of nanoclusters are strongly correlated to their structure; 
specifically, the core and the cluster’s shell each have their own contribution.1,3,4,16,18,51,52 
Previously, we have investigated the origin of the optical properties of metal nanoclusters 
in solution.1,4,5,16,17 We demonstrated that the emission of small metal clusters has higher 
quantum yield and longer lifetime than larger plasmonic particles or bulk metals.1,3,4 
Moreover, the visible emission of metal nanoclusters can be assigned to the MPC’s core, 
which is short-lived, and the NIR emission to the surface-related state, which is long-
lived.1,3,4,16 While research on the optical properties of MPCs is extensive, most 
investigations are conducted in the solution phase. However, many applications of MPCs 
will be in the solid state. In the solid state, the removal of solvent can bring clusters 
closer to each other and it may be possible to observe cluster-cluster interaction. 
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Previous studies have used MPC films for optical measurements, but they were done 
at very low temperatures. Green et al. have prepared gold nanoclusters dispersed in 
polystyrene for low temperature photoluminescence study of Au25(SR)18, and required 
the samples to be desolvated.53 Similarly, Negishi et al. have prepared gold nanocluster 
films for low temperature optical absorption study to understand the intrinsic optical 
properties of the nanoclusters.48,53,54 They found that the linear optical absorption and 
emission of Au nanoclusters are more defined and blue-shifted at lower temperatures in 
contrast to large Au nanoparticles which showed temperature-independent optical 
properties.48,53 However, this is a low temperature effect and it is not a good comparison 
between solution-phase nanoclusters versus solid-state nanoclusters. Various aspects of 
silver nanoclusters and nanoparticles in the solid state have been studied previously. Mai 
et al. have studied the nonlinear optical properties of silver nanoclusters and 
nanoparticles dispersed in glass hosts and found that the TPA cross section of Ag 
nanoclusters is comparable to that of Au nanoclusters in solution (~ 105 GM).55 However, 
the Ag nanoclusters were directly synthesized inside the glass host without the monolayer 
ligand shell and the results were not compared against the same type of cluster in 
solution. Miyamura et al. have also prepared gold nanoclusters in a polymer matrix by 
direct synthesis of the clusters mixed with polystyrene.56 The purpose of their study was 
to achieve high catalytic activity by controlling the preparation method of the polymer-
incarcerated gold nanoclusters. So far, the optical properties of solid state MPCs at room 
temperature have not been explored. We show in this report a method for preparing 
optical quality Au25(SR)18 films in a polymer host. Taking into consideration the 
solubility of the nanoclusters, a few polymers were selected to investigate their effect on 
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the quality of the film. We also report the linear and non-linear optical properties of solid 
state nanoclusters as a function of inter-cluster distance and compare the results with 
those in solution. Based on our previous observations on fast inter-particle charge transfer 
that increases the nonlinear optical response,3,21,57 we suggest that the nanocluster films 
would show higher TPA cross sections and a different photoluminescence response 
compared to those in solution. This is the first contribution that explores the optical 
properties of MPCs in the solid state with direct comparison with those in solution and 
provides new information regarding the effect of inter-cluster interaction on the 
photoluminescence and TPA cross sections of metal nanoclusters. 
3.4 Experimental 
Au25(GSH)18 nanoclusters. Au25(GSH)18 nanoclusters were synthesized following 
published procedure.36  Briefly, HAuCl4∙3H2O (170 mg, 0.5 mmol) was dissolved in 100 
mL methanol and was cooled in an ice bath for 15 min.  614 mg (2 mmol) of glutathione 
(C10H17N3O6S) was added to the cooled solution and stirred for 30 min.  The solution 
turned from yellow white, which indicates the formation of Au(I)-SG polymer.32,33,35  A 
freshly prepared NaBH4 (189 mg, 5 mmol) aqueous solution (25 mL) was then added to 
the mixture and allowed to stir for 1 h.  The final solution turned dark brown, which 
indicates the formation of nanoclusters.34  The crude clusters were collected by 
centrifuging the solution at 4700 rpm for 3 min, and washed with methanol to remove 
excess reagents.  The precipitate was then redissolved in H2O and incubated with excess 
GSH at 55°C for 3 h.  The reaction mixture was centrifuged and the supernatant was 
collected and subsequently washed with ethanol ten times.  The procedure used is 
optimized for the synthesis of atomically precise Au25(SR)18 and has been employed in 
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different publications.18,35,49 The UV-vis absorption spectra are used to identify 
Au25(SG)18 and the spectrum is associated with the purity of the sample. 
Au25(C6S)18 nanoclusters. Au25(C6S)18 nanoclusters were synthesized following a 
published procedure similar to that of Au25(GSH)18.
16  HAuCl4 (0.5 g) was dissolved in 
10 mL H2O and mixed with TOABr (0.9 g) dissolved in 40 mL toluene.  The toluene 
quickly turned red indicating the phase transfer of HAuCl4.
30,31  The solution was placed 
in an ice bath.  1-hexanethiol (0.9 mL) was added to the solution and stirred until it 
became white.  A freshly prepared NaBH4 solution (0.485 g, 10 mL H2O) was quickly 
added.  The solution turned black and the reaction was allowed to stir for 30 min.  The 
aqueous phase was removed and the toluene solution was washed with copious amount of 
water.  The toluene solvent was rotary evaporated and the product was washed with 
DMSO.  Au25(C6S)18 nanoclusters were extracted multiple times with acetone.  The 
acetone was evaporated and the Au25(C6S)18 nanoclusters were washed with ethanol and 
acetonitrile. Similarly, the purity of the nanoclusters was verified by its UV-vis 
absorption spectrum. 
Preparation of Au25(SR)18/polymer films. Polymers were used as a host for making 
nanoclusters free standing films.  Different polymers were explored such as 
polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), poly(methyl methacrylate) 
(PMMA), polystyrene (PS), polyethylene oxide (PEO, Mw = 900kDa), and polyethylene 
glycol (PEG, Mw = 3.9kDa). Final experimental condition for making the Au25(SR)18 film 
is chosen based on film clarity and film uniformity.  The experimental conditions were 
also optimized with respect to the drying conditions. First, the polymer solution 
concentration was investigated. As an example, PVP films were prepared as follow: the 
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polymer was dissolved in water and sonicated for 1 h until the solution is clear.  Four 
different concentrations were prepared: 133.3 g/L, 233.3 g/L, 333.3 g/L, and 400 g/L.  
The polymer solutions were drop-cast on clean glass slides and dried at room temperature 
overnight. Second, to investigate the effect of different drying conditions on the quality 
of the film, a drop-cast solution on a clean glass slide was allowed to dry at 40° C in the 
oven for a few hours. Finally, different types of polymers were investigated. PVA, 
PMMA, PS, PEO, and PEG films were prepared in the same manner as described for the 
PVP films.  PEO and PEG were dissolved in water; PS, in toluene; PVA, in ethanol; and 
PMMA, in THF. They were dried at room temperature. 
The optimized film-making condition was chosen for making Au25(SR)18 nanoclusters 
films (see the next section for detailed discussion). For Au25(GSH)18 film, PVP was used 
at a concentration of 145 mg/mL.  For Au25(C6S)18, PS was used at a concentration of 
72.5 mg/mL.  A general procedure for making the nanoclusters films is as follows. After 
the polymer is dissolved in the appropriate solvent, the nanoclusters were added to the 
polymer solution and briefly stirred.  The amount of added nanoclusters is adjusted 
depending on the desired cluster concentration in the film.  For example, for a 1.8 wt% 
Au25(GSH)18 in PVP, 2.7 mg of the clusters is added to a 1 mL solution of PVP (145 
mg/mL). The Au25(SR)18/polymer solutions were drop-cast on a clean quartz coverslip 
and dried at room temperature overnight.  To ensure a slow drying process, a cover was 
placed over the films. 
Steady-state absorption and fluorescence measurements. The absorption spectra of 
Au25(GSH)18 and Au25(C6S)18 were recorded with an Agilent 8453 spectrophotometer 
over 200-1200 nm.  Solutions of nanoclusters were prepared in H2O for Au25(GSH)18 and 
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in toluene for Au25(C6S)18 in a 1-cm cuvette cell. The films thicknesses were estimated 
using a profilometer. Fluorescence measurements were recorded with Fluoromax-2 
spectrophotometer (Horiba group) for the aqueous solutions and films.  The films were 
oriented parallel to the detector at a slightly tilted angle. 
Open-aperture Z-scan measurement. Non-linear optical measurements were recorded 
using the z-scan method.63  A Nd:YVO4 pump (Spectra Physics Millenia-Pro)  was used 
to generate a cw 532 nm laser which then enters into a cavity of Ti:sapphire (Kapteyn-
Murnane Laboratories Inc.) to produce 30 fs at 800 nm laser with a frequency of 90 MHz.  
The pulsed 800 nm laser was passed through a 10-cm focusing lens which was placed 
before the sample to focus the incident beam.  The sample was translated along the z-axis 
and the transmitted beam power was measured with a power meter.  To minimize the 
effect of beam distortion in the far field, the samples have been attached to the power 
meter. Measurements were taken at different spots of the films. 
3.5 Results 
Linear optical properties of Au25(SR)18 nanoclusters in solution. The synthesis 
reported here follows a published procedure to yield atomically precise mono-dispersed 
Au25(SR)18 nanoclusters.
34,36  Briefly, this synthetic method consists of the kinetically 
controlled reduction of Au(III) to Au(0), and core etching of the product to convert less 
stable species into the most stable Au25(SR)18 or Au(I)-SR which can be removed during 
the purification process.16,35,36,38,58 The final product consists of Au25(SR)18 as the major 
product.35  Distinct absorption features in the UV-Vis spectrum are seen for Au25(GSH)18 
and Au25(C6S)18 clusters (Figure).  Electronic transitions at 449 and 500 nm correspond to 




electronic transitions at 657 nm for Au25(GSH)18 and 670 nm for Au25(C6S)18 correspond 
to the HOMO-LUMO transition.1,16,41,42 The well-defined absorption features of these 
clusters distinguish them from the larger plasmonic particles which show a broad surface 
plasmon resonance (SPR) at 520 nm.1,2,4,21,59 Similar absorption spectra are reported in 
the literature for Au25(SR)18 nanoclusters, indicating that pure Au25(SR)18 nanoclusters 
were obtained from the synthesis.2,4,16,35 
 
 
Figure 3.1. Normalized absorption spectra (black) and fluorescence emission (red) of 


































































Au25(GSH)18 and Au25(C6S)18 nanoclusters in solution exhibit a NIR fluorescence 
emission at 700 nm and 820 nm, respectively, upon excitation at 450 nm (Figure). NIR 
emission of these clusters has been observed previously by our group and elsewhere.1,4,16  
The 700 nm emission of Au25(GSH)18 is stronger than the 820 nm emission of 
Au25(C6S)18.
18,52  The NIR emission of these gold clusters has been attributed to the 
ligand-Au motifs on the surface of the nanoclusters.1,4,16,18,52 The ligands glutathione and 
hexanethiol contribute to the different emission wavelengths and quantum yield.16,18 
Glutathione is a tripeptide containing –COOH and –NH2 functional groups, whereas 1-
hexanethiol is an alkyl chain.  It has been observed that ligands containing electron-rich 
groups, such as gluthathione, enhance the fluorescence emission of the nanoclusters.18,52  
Although it is not clear how the different ligands affect the emission wavelength, it has 
been proposed that the electron-rich ligands donate their delocalized electrons to the gold 
core in the cluster, which is one possible explanation why the quantum yield of 
Au25(GSH)18 is higher than Au25(C6S)18.
18,52 
Film-making optimization and fabrication of Au25(SR)18 films. Different experimental 
conditions were explored to make optical quality films, in which the polymer is 
transparent between 300 nm to 800 nm so that the optical absorption of the nanoclusters 
could be seen in this region. In particular, the effect of polymer solution concentration, 
drying condition, and type of polymer were explored. First, the effect of polymer solution 
concentration on the quality of the film was investigated.  It was found that optical 
quality films were obtained (dried over several hours at room temperature) from the 




Figure 3.2. PVP films dried from 133.3 (A), 233.3 (B), 333.3 (C), 400 (D) g/L solutions 
at room temperature. 
 
Secondly, different drying conditions were investigated. For slow drying conditions, 
the solutions were dropcast on a clean glass slide and allowed to dry at room temperature. 
A cover was placed on top of the films to ensure a slow drying process. For a faster 
drying process, the films were dried at 40° C in vacuum. Films that were dried at room 
temperature were of optical quality. On the other hand, films that were dried faster were 
not uniform and clear. From these tests, it is concluded that a good quality film is 
obtained by controlling the drying process. Finally, the quality of the film also depends 
on the polymer that was used. Various polymers were tested in order to find one that 
dissolves in the same solvent as the nanoclusters and does not aggregate the nanoclusters. 
We limited our polymer choices by taking into account that Au25(GSH)18 is only soluble 
in water, whereas Au25(C6S)18 is soluble in toluene, hexane, and dichloromethane. For 
Au25(C6S)18, toluene was chosen because it dries slower (boiling point 110.6 ° C). The 
following polymers were selected because they contained polar functional groups: 
polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), poly(methyl methacrylate) 
(PMMA), polyethylene oxide (PEO), and polyethylene glycol (PEG). Very brittle and 
non-uniform films were obtained from PVA, PMMA, PEO, and PEG when they were 
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dried at room temperature. On the other hand, polystyrene (PS) films were very uniform 
and clear, comparable to PVP films. A summary of the results is shown in Table 3.1. The 
optical quality of the films was assessed as follows: first, the film must be transparent in 
the 300 – 800 nm wavelength region with respect to the polymer so that the optical 
properties of the nanoclusters can be observed. Second, the film must be uniform, a 
quality defined as free of surface irregularities in our case, to ensure minimal beam 
distortion or scattering when performing optical measurements. 
Table 3.1. Films quality prepared by different drying conditions. 
Polymer 
solutions 
Solubility a Dried at R.T. Dried at 40 ° C Au25(SR)18 films 
PVA (in H2O) NS NU, NT NU, NT NU, NT 
PMMA (in H2O) NS NU, NT NU, NT NU, NT 
PEO (in H2O) S NU, NT NU, NT NU, NT 
PEG (in H2O) NS NU, NT NU, NT NU, NT 
PVP (in H2O) S U, T NU, NT U, NT 
PS (in toluene) S U, T NU, NT U, T 
a Solubility of the nanoclusters in the presence of the polymer, without significant change 
in the absorption spectrum of the clusters. NS = not soluble; S = soluble; T = transparent; 
NT = non transparent; U = uniform; NU = non uniform. 
 
Of the polymers that were tested, only PVP and PS resulted in optical quality films 
when slowly dried at room temperature (Table 3.1, third column). These polymeric hosts 
were used to prepare nanocluster films in two steps.  First, the polymer was dissolved in 
the appropriate solvent and the nanoclusters were added.  Second, the clusters/polymer 
solution was dropcast on a clean quartz coverslip and dried. Although we were able to 
produce optical quality films with PVP and PS, upon the addition of Au25(SR)18 
nanoclusters, the quality of the films could change. As seen on Figure 3.3, 
Au25(C6S)18/PS not only dried into a uniform film, but the film is also clear.  This is an 
important factor when performing optical measurements, which will be discussed below.  
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Au25(GSH)18/PVP film, in contrast, is not as clear as Au25(C6S)18/PS, especially when the 
amount of nanoclusters in the film is increased. Moreover, the Au25(GSH)18/PVP films 
were very brittle and degrades easily by moisture in the air. Therefore, a series of 
Au25(C6S)18/PS films of different densities were prepared for density (or inter-cluster 
distance) dependent studies. 
 
Figure 3.3. Samples of Au25(GSH)18/PVP films (A) and Au25(C6S)18/PS films (B) at 
different nanoclusters loading. 
 
Scheme 3.1. Typical nanoclusters densities in solution and in film for this study.  
 
 
Average density and inter-cluster distance in nanocluster films. The densities of the 
nanoclusters are significantly increased in the film. The polymers that were used as hosts 
for the nanocluster films can be seen as new environments for dispersing the 
nanoclusters, but at a much smaller volume (Scheme 3.1). We estimated the average 
nanocluster density and inter-cluster distance in the film and in solution based on their 
film thickness and optical density at 670 nm (ε = 8000 M-1 cm-1).38 
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Using the estimated densities, we calculated the average inter-cluster distance using 
dimensional analysis (equation 3.1 and figure 3.4). In equation 1, r is the inter-cluster 
distance; l is the length of the cube; N is the number of clusters along that length; dcluster is 
the diameter of the cluster taken to be 1.1 nm.17 In this estimation, we assumed that the 
cluster films are uniform and that the clusters are spherical. The optical density, which 
was used for this estimation, was measured at the center of each film where the 
nanoclusters appear to be most uniform. A series of nanocluster films of varying densities 
were prepared and their inter-cluster distances were calculated (Table 3.2). The inter-
cluster distance, r, becomes relevant when comparing the optical properties of the films 
and solution because one might expect cluster-cluster interactions as the inter-cluster 
distance becomes very short. 
                                         r = (l – Ndcluster) / (N – 1)                                   (3.1) 
 
Figure 3.4. Inter-cluster distance derived from the nanoclusters density in a cubic 








Table 3.2. Average densities and inter-cluster distances of Au25(C6S)18 films compared to 
solutions, estimated by their optical densities at 670 nm. 
ρ (x1018 cluster/cm3) < r > (nm) 
solution film  solution film 
0.24 8.80  15.2 3.76 
0.12 3.44  19.5 5.56 
0.06 2.41  25 6.40 
0.02 1.72  38.7 7.30 
0.006 1.39  57.4 7.90 
0.002 1.16  85.5 8.51 
 
Linear optical properties of Au25(SR)18 films. Au25(SR)18 in solution show pronounced 
absorption features due to the strong quantum confinement effects and its highly ordered 
core.1,41 Upon the addition of polymers to the nanocluster solutions, a slight decrease in 
absorption between 400 nm and 800 nm is observed for both Au25(GSH)18 and 
Au25(C6S)18. The decrease in absorption is indicative of the interdiffusion of the polymer 
in the nanocluster solutions. A comparison between the absorption spectra of the 
Au25(SR)18 nanoclusters in solution and in film is shown in Figure 3.5. Although PVP 
films are optically transparent, the Au25(GSH)18/PVP films are not as clear compared to 
Au25(C6S)18/PS films (Figure 3.3 and Figure 3.5). The presence of PVA, PMMA, or PEG 
in a solution of Au25(GSH)18 nanocluster drastically changes the absorption spectrum of 
the nanoclusters and the resulting films were not uniform or transparent. Thus, we limited 
our choice to PVP. For Au25(GSH)18/PVP film, the absorption features of the 
nanoclusters are overshadowed by the high extinction of the film, due to the poor 
incorporation of the nanoclusters in the polymer host or formation of crystals. On the 
other hand, the presence of PEO does not change the absorption spectrum of 
Au25(GSH)18 solution significantly but the dried film was not uniform or transparent. 
Au25(C6S)18/PS film is the best film produced. It remains optically transparent, allowing 
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the absorption features at 400 nm and 670 nm to be seen (Figure 3.5B). However, the 
absorption features are less pronounced than those in solution because the densities of the 
nanocluster films are at least one order of magnitude higher than that in solutions. Here 
we show that the nanocluster’s absorption spectrum provides a way to assess the optical 
quality of the films. 
 
 
Figure 3.5. Normalized absorption spectra of Au25(GSH)18 (A) and Au25(C6S)18 (B) 
nanoclusters in solution, and in film. A 1-cm cell was used for the solutions. The 










































































Figure 3.6. Photoluminescence of Au25(C6S)18 solutions (A) and films (B) excited at 400 
nm and 450 nm respectively. The 800 nm peak due to excitation has been cut off in the 
spectra of the solutions. Energy level diagrams depicting the photoluminescence 
behaviors of Au25(C6S)18 in solutions (C) and solid state (D). 
 
The photoluminescence of Au25(C6S)18 is shown in Figure 3.6. The 
photoluminescence of Au25(C6S)18 solutions show a maximum at ~820 nm (Figure 
3.6A).18,53 Photoluminescence enhancement was observed in a dilute solution of 
Au25(C6S)18 because the interaction between neighboring clusters are minimized (Figure 
3.6A). There are two deactivation processes to consider: coupling to vibrations of the 
surface ligand and energy transfer between surface ligands of neighboring clusters. In 
solution, Au25(C6S)18 emits at 820 nm independent of concentration. This would indicate 
that the total excited state energy lost to non-radiative pathways is the same at all 
concentrations: the dilute concentration is expected to have less interaction between 
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neighboring clusters, therefore inter-cluster quenching is minimized. Emission 
enhancement at 820 nm in the dilute concentration can be seen as minimal loss of emitted 
photons for other processes such as absorption by a nearby cluster (Figure 3.6C). Under 
the same experimental conditions, Au25(C6S)18 films show photoluminescence at around 
820 nm (Figure 3.6B). Interestingly, for Au25(C6S)18 films of r = 7.3 – 8.1 nm, we 
observe an additional emission peak at 730 nm (Figure 3.6B). 
It is possible that the 730 nm emission is always present, but too weak to be detected 
in solution. This emission at 730 nm has been reported in low-temperature experiments.53 
To better understand this emission, the emission spectra of r = 7.3 and 9.5 nm films and r 
= 34 nm solution are modeled with two Gaussian peaks at 730 nm and 820 nm (Figure 
3.7). It was interesting to see that the 730 nm emission is present even in the solution, 
which was usually not reported for room temperature experiments.1,18,60 When the inter-
cluster distance is decreased in the film, the emission observed was probably due to the 
enhancement of both 730 nm and 820 nm emissions (Figure 3.7 A and B). In order to 
quantify the emission enhancement, relative quantum yields were calculated by dividing 
the fluorescence counts with the absorption of the film (optical density), since all 
excitation and emission collection parameters are the same. The relative quantum yields 
(corrected fluorescence intensity) of the films and the solution (Figure 3.7D) show that 
there is an emission enhancement at 730 nm as well as 820 nm, when the inter-cluster 
distance is less than 8 nm.  The photoluminescence of the film r = 8.1 nm was similar to 
that of the film r = 7.3 nm and were fitted with the same parameters. Interestingly, when 
the film r = 9.5 nm is compared to solution, both emissions at 730 nm and 820 nm are 
quenched (Figure 3.7D). These results suggest that emission enhancement and quenching 
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happen at different inter-cluster distance regimes separated at about 9 nm. Possible 
explanation for this observation can be found in the discussion section (see below). 
 
 
Figure 3.7. Photoluminescence of Au25(C6S)18 films with r = 9.5 nm (A) and r = 7.3 nm 
(B), and solution with r = 34 nm fit to two Gaussian peaks at 730 nm and 820 nm. 
Photoluminescence of Au25(C6S)18 films and solution with normalized optical density 
(D). 
 
Non-linear transmission of Au25(SR)18 nanocluster films. The non-linear optical 
properties of Au25(SR)18 nanocluster films were investigated using the z-scan method. 
The z-scan data can be plotted as an intensity-dependent transmission curve because the 
laser intensity increases when it is being focused. For this set-up, the intensity of the 
monochromatic Gaussian beam can be calculated along the z direction with radius w: 
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where w0 is the beam waist radius; z is the distance from the focus; and zR is the Rayleigh 
range. The decrease in transmission as the film is brought closer to the laser focus, z = 0, 
(highest intensity) indicates a non-linear absorption process.5,23,24  This behavior is 
consistent with Au25(SR)18 nanoclusters in solution as reported in the literature.
5,23,24  The 
decrease in transmission is characteristic of molecular-like behavior and differs from 
plasmonic particles.23  In larger plasmonic particles, the z-scan profile shows an increase 
in transmission near the focus, indicative of saturable absorption behavior.23  The 
transmission decrease is also observed in thiol-functionalized gold nanodots (~1.33 nm 
diameter), indicating that nonlinear absorption occurs in quantum sized systems.61 
 
Figure 3.8. Z-scan profile of Au25(C6S)18 films (A) and intensity-dependent transmission 
of the r = 7.5 nm film (B). 
 
The z-scan data can be plotted as an intensity-dependent transmission curve (Figure 
3.8B). The intensity-dependent transmission of the Au25(SR)18 films was fitted by 
equation 3.3,62 where β is the TPA coefficient; I, intensity of the laser along the focus, 
which is defined as power (W) over the beam area (m2); Leff, the effective interaction 
length. The effective interaction length takes into account the linear absorption 
coefficient and the length of the sample.63 For thin samples and negligible linear 
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absorption at 800 nm, the Leff can be assumed to be the nanoclusters film thickness. The 
TPA coefficient, β, is related to the TPA cross section, σ, by equation 4;63 where N is the 
Avogadro’s number; c, concentration; h, Planck constant; υ, laser frequency. By fitting 
the transmission curves of the Au25(SR)18 films with these equations, the TPA 
coefficients and cross sections were obtained. Note that in Figure 3.8B, the intensity is 
expressed in log10 to adjust the scale for visual purpose. The TPA cross sections for 
Au25(C6S)18 films show an order of magnitude increase compared to that reported for 
Au25(C6S)18 in solution (Table 3.3).
5,24 For Au25(GSH)18 film, a TPA cross section of 
1.6x108 GM was calculated. 
∆T =  −βILeff  (3.3) 
σ =  
βhυ103
Nc
  (3.4) 
Table 3.3. Au25(C6S)18 films of varying densities and average TPA cross section. 
 ρ (x1018 cluster/cm3) r (nm) σ (x106 GM) 
~0.0006 ~133 0.19a, 0.43b 
7.50 4.0 1.53 ± 0.71 
3.43 5.6 3.45 ± 1.47 
1.83 7.1 3.54 ± 1.82 
1.59 7.5 4.39 ± 0.73 
1.19 8.4 4.83 ± 1.59 
0.80 9.8 10.5 ± 0.84 
aAu25(GSH)18 solution in water, calculated from z-scan measurement.
24 bAu25(C6S)18 
solution in toluene, calculated from TPE fluorescence.5 
 
3.6 Discussion 
The optical properties of Au25(SR)18 nanoclusters are closely related to their structure. 
Specifically, the core and the surface ligand shell each have their own contributions. The 
absorption in the visible region is primarily due to the optical properties of the 
nanocluster’s core and mixed metal-ligand states.1,3,4,41 The linear absorption of the 
nanocluster films is comparable to that in solution and suggests that the molecular 
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properties of the nanoclusters are maintained, and no large aggregates or plasmonic 
nanoparticles were formed. However, one would expect that the absorption features of 
the nanoclusters in the solid state to become more pronounced, which was not observed. 
Sharper absorption features have been seen in the solid state and solution phase 
Au25(SR)18 nanoclusters at low temperatures (90 – 25 K).
48,64 Film quality, thickness (~60 
µm), and high density might contribute to the less pronounced optical features in the film. 
We report that it is possible to have very short inter-cluster distances in films without the 
formation of nanocluster aggregates. 
NIR photoluminescence has been reported for Au25(SR)18 nanoclusters.
4,16,18,52 
Photoluminescence enhancement is observed in Au25(C6S)18 solutions at 820 nm as the 
inter-cluster distance is increased which suggests that there is some inter-cluster 
quenching. However, in the solid state, strong emission enhancement was observed for 
decreasing inter-distance distances. Our careful analysis discovered that the emission of 
the film is enhanced at 730 nm as well as 820 nm. Both emissions are present in the 
solution, identified by our Gaussian fitting (Figure 3.7), with the 820 nm emission being 
much stronger than the 730 nm emission. When the inter-cluster distance is at 8.1 and 7.3 
nm, both emissions are enhanced. Similar nanoparticle-dye systems at defined distances 
have been studied previously where energy transfer has been observed.65–67 At a 
separation of 9 nm, emissions at both 730 and 820 nm were quenched compared to the 
solution. One possible explanation for this is that Förster Resonance Energy Transfer 
(FRET) can occur in the separation regime of 4-8 nm.65–67 At distances larger than 8 nm, 
fluorescence quenching occurs which is typical of dyes near plasmonic gold 
nanoparticles.65 For a dye near a 1.5 nm gold cluster, it is more common that the 
88 
 
quenching mechanism occurs by Nanosurface Energy Transfer (NSET), which follows a 
1/d4 distance dependence.65,68–70 In our system, however, we do not have a dye-particle 
pair. We have two identical molecules within 7.3, 8.1, and 9.5 nm of each other, which 
could be coupled by their dipoles or electric fields. It is evident by our experiment that 
the dipole coupling of two identical nanocluster actually enhances the emission at 730 nm 
and 820 nm. Based on this result, we suggest that FRET could occur below 8.1 nm 
separation while above 9 nm, quenching occurs possibly by the NSET mechanism 
(Figure 3.9).65,68,69 
Another possible explanation for the 730 nm emission enhancement may be due to 
the presence of highly emissive nanocluster dimers. If dimers are present, a very short 
inter-cluster distance can be assumed to be less than 2 nm.71 Based on the nearest 
neighbor distribution model, using an average inter-cluster distance of 8 nm, the model 
suggests that 1% of the separation distances are less than 2 nm. Possible dimers of Au25 
nanoclusters would be similar to Au38 nanoclusters which consist of a core fused together 
by two Au13 icosahedrons.
72,73
 Au38 emits at 920 nm, which is different than the 730 nm 
observed, ruling out the possibility of Au38 nanoclusters in the films studied. Another 
example of dimer-like system is bi-icosahedral Au25 clusters (“Au25-rods”) capped with 
2-phenylethanethiol which have emissions at 770 nm and 830 nm, and are also different 
than what we observed.74 If the 730 nm emission is caused by the “dimers” which is 1% 
of the modeled inter-cluster distance distribution, the relative quantum yield would be 5 
orders of magnitude higher than that in solution, which is higher than dimer-like 
nanoclusters. Combined with the lack of aggregation peaks in the absorption spectrum, 




Figure 3.9. Energy diagram depicting the linear41 and non-linear absorptions and 
emission of Au25(SR)18 nanoclusters in solid state. Interaction of the ligand-shell motif 
and vibrational lock at small inter-cluster distances gives rise to the higher energy 
emission, while strong dipole coupling between nanoclusters enhance TPA cross-
sections. 
 
The TPA cross sections of the Au25(C6S)18 films are ten times higher than the cross 
section (obtained by TPE fluorescence) of the nanoclusters in solution. Note that the z-
scan method is known for overestimating the TPA cross-section because of the self-
defocusing behavior of the incident light or light scattering, compared to TPE 
fluorescence.75 Despite this, a TPA cross section of 1.9 x 105 GM has been reported for 
Au25(GSH)18 in solution using the z-scan method.
24 This cross section is in the same 
order of magnitude as the cross section of Au25(C6S)18 solution measured by TPE 
fluorescence.1,5,76 The enhanced TPA cross section is likely due to the strong dipole 
coupling of nearby nanoclusters. A similar comparison between the nonlinear optical 
properties of nanoclusters in the solid state and in solution has been reported by Mai et 
al.55 For small (1.2 nm) Ag nanoclusters dispersed in a glass host, TPA cross sections of 
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0.06-0.8 x 106 GM have been calculated, which are in the same order of magnitude as 
that of Au nanoclusters in solution.1,5,55 This comparison demonstrates that Ag 
nanoclusters in the solid state can have a TPA cross section as high as Au nanoclusters in 
solution. However, Mai’s work does not compare between the same type of metal 
nanocluster and a definitive conclusion cannot be drawn on how the nonlinear optical 
response changes for a metal nanocluster going from solution to solid. Another possible 
explanation for the high TPA cross sections of the nanocluster films is the increased 
rigidity of the nanocluster in the film. In organic chromophores, one of the criteria for a 
high TPA cross section in solution is ensuring an extended π conjugation which increases 
the rigidity of the molecule (locked-conformation).75 For Au25(C6S)18, the small r 
suggests the possibility of effective dipole coupling between clusters, similar to extending 
a molecule’s π conjugation (Figure 3.9). Similar observation has been reported where 
NLO response is larger in dendrimer-metal nanocomposites in films compared to 
solutions.77,78 It is interesting to note that the TPA cross sections of the films increases 
with r. A similar trend has been observed in chromophores attached to gold nanorods at 
distances between 6 – 15 nm, excited at off resonance from the plasmon.79 It was 
proposed that the trend observed was due to the constructive and destructive interference 
between the excitation and the electric field from the nanorod.79,80 
3.7 Conclusion 
Au25(SR)18 nanoclusters films with excellent optical quality can be made by using a 
polymer host. Nanocluster films can be made with controllable inter-cluster distances, 
much smaller than solution, without aggregation. The inter-cluster distances can be 
estimated using the film thickness and the optical density of the films. We demonstrated 
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that the production of optical quality nanocluster films with Au25(SR)18 relies on the 
drying condition and solvent/polymer choice. This is the first report on the relationship 
between optical properties and inter-cluster distance in the solid state. The steady state 
absorption properties of nanocluster films show that the nanoclusters retain the same 
molecular-like properties and it is clear that no larger aggregates or plasmonic particles 
were formed using this method. The TPA and photoluminescence properties of the 
nanoclusters can be enhanced, due to the strong dipole coupling between nanoclusters. 
The enhancement of the emission is strongest at a separation of smaller than 8 nm, with 
strong enhancement to the emission at 730 nm and a moderate enhancement to the 
emission at 820 nm. This emission enhancement distance is similar to the FRET distance 
observed for nanoparticle-dye systems. TPA cross section of the nanocluster films are an 
order of magnitude higher than in solution, which suggest strong dipole coupling between 
clusters. Metal nanoclusters films are a new way to produce nanoclusters in the solid 
state, and these results suggest that their linear and non-linear optical properties can be 
enhanced. 
3.8 References 
(1)  Yau, S. H.; Varnavski, O.; Goodson, T. An Ultrafast Look at Au Nanoclusters. 
Acc. Chem. Res. 2013, 46, 1506–1516. 
 
(2)  Varnavski, O.; Ramakrishna, G.; Kim, J.; Lee, D.; Goodson, T. Critical Size for 
the Observation of Quantum Confinement in Optically Excited Gold Clusters. J. 
Am. Chem. Soc. 2010, 132, 16–17. 
 
(3)  Yau, S. H.; Abeyasinghe, N.; Orr, M.; Upton, L.; Varnavski, O.; Werner, J. H.; 
Yeh, H.-C.; Sharma, J.; Shreve, A. P.; Martinez, J. S.; Goodson, T. Bright Two-
Photon Emission and Ultra-Fast Relaxation Dynamics in a DNA-Templated 
Nanocluster Investigated by Ultra-Fast Spectroscopy. Nanoscale 2012, 4, 4247–
4254. 
 
(4)  Yau, S. H.; Varnavski, O.; Gilbertson, J. D.; Chandler, B.; Ramakrishna, G.; 
92 
 
Goodson, T. Ultrafast Optical Study of Small Gold Monolayer Protected Clusters: 
A Closer Look at Emission. J. Phys. Chem. C 2010, 114, 15979–15985. 
 
(5)  Ramakrishna, G.; Varnavski, O.; Kim, J.; Lee, D.; Goodson, T. Quantum-Sized 
Gold Clusters as Efficient Two-Photon Absorbers. J. Am. Chem. Soc. 2008, 130, 
5032–5033. 
 
(6)  Walter, M.; Akola, J.; Lopez-Acevedo, O.; Jadzinsky, P. D.; Calero, G.; Ackerson, 
C. J.; Whetten, R. L.; Grönbeck, H.; Häkkinen, H. A Unified View of Ligand-
Protected Gold Clusters as Superatom Complexes. Proc. Natl. Acad. Sci. U. S. A. 
2008, 105, 9157–9162. 
 
(7)  Kreibig, U.; Genzel, L. Optical Absorption of Small Metallic Particles. Surf. Sci. 
1985, 156, 678–700. 
 
(8)  Das, A.; Li, T.; Nobusada, K.; Zeng, Q.; Rosi, N. L.; Jin, R. Total Structure and 
Optical Properties of a Phosphine/Thiolate-Protected Au24 Nanocluster. J. Am. 
Chem. Soc. 2012, 134, 20286–20289. 
 
(9)  Chen, J.; Zhang, Q.-F.; Bonaccorso, T. A.; Williard, P. G.; Wang, L.-S. 
Controlling Gold Nanoclusters by Diphospine Ligands. J. Am. Chem. Soc. 2014, 
136, 92–95. 
 
(10)  Muniz-Miranda, F.; Menziani, M. C.; Pedone, A. Assessment of Exchange-
Correlation Functionals in Reproducing the Structure and Optical Gap of Organic-
Protected Gold Nanoclusters. J. Phys. Chem. C 2014, 118, 7532–7544. 
 
(11)  Daniel, M.-C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular 
Chemistry, Quantum-Size-Related Properties, and Applications toward Biology, 
Catalysis, and Nanotechnology. Chem. Rev. 2004, 104, 293–346. 
 
(12)  Varnavski, O. P.; Mohamed, M. B.; El-Sayed, M. A.; Goodson, T. Relative 
Enhancement of Ultrafast Emission in Gold Nanorods. J. Phys. Chem. B 2003, 
107, 3101–3104. 
 
(13)  Schaaff, T. G.; Shafigullin, M. N.; Khoury, J. T.; Vezmar, I.; Whetten, R. L.; 
Cullen, W. G.; First, P. N.; Gutiérrez-Wing, C.; Ascensio, J.; Jose-Yacamán, M. J. 
Isolation of Smaller Nanocrystal Au Molecules:  Robust Quantum Effects in 
Optical Spectra. J. Phys. Chem. B 1997, 101, 7885–7891. 
 
(14)  Kubo, R.; Kawabata, A.; Kobayashi, S. Electronic Properties of Small Particles. 
Annu. Rev. Mater. Sci. 1984, 14, 49–66. 
 
(15)  Jin, R. Atomically Precise Metal Nanoclusters: Stable Sizes and Optical 




(16)  Devadas, M. S.; Kim, J.; Sinn, E.; Lee, D.; Goodson, T.; Ramakrishna, G. Unique 
Ultrafast Visible Luminescence in Monolayer-Protected Au25 Clusters. J. Phys. 
Chem. C 2010, 114, 22417–22423. 
 
(17)  Varnavski, O.; Ramakrishna, G.; Kim, J.; Lee, D.; Goodson, T. Optically Excited 
Acoustic Vibrations in Quantum-Sized Monolayer-Protected Gold Clusters. ACS 
Nano 2010, 4, 3406–3412. 
 
(18)  Wu, Z.; Jin, R. On the Ligand’s Role in the Fluorescence of Gold Nanoclusters. 
Nano Lett. 2010, 10, 2568–2573. 
 
(19)  Jin, R. Quantum Sized, Thiolate-Protected Gold Nanoclusters. Nanoscale 2010, 2, 
343–362. 
 
(20)  Wu, Z.; Wang, M.; Yang, J.; Zheng, X.; Cai, W.; Meng, G.; Qian, H.; Wang, H.; 
Jin, R. Well-Defined Nanoclusters as Fluorescent Nanosensors: A Case Study on 
Au25(SG)18. small 2012, 8, 2028–2035. 
 
(21)  Varnavski, O. P.; Ranasinghe, M.; Yan, X.; Bauer, C. A.; Chung, S.-J.; Perry, J. 
W.; Marder, S. R.; Goodson, T. Ultrafast Energy Migration in Chromophore Shell-
Metal Nanoparticle Assemblies. J. Am. Chem. Soc. 2006, 128, 10988–10989. 
 
(22)  Varnavski, O.; Ispasoiu, R. G.; Balogh, L.; Tomalia, D.; Goodson, T. Ultrafast 
Time-Resolved Photoluminescence from Novel Metal–Dendrimer 
Nanocomposites. J. Chem. Phys. 2001, 114, 1962-1965. 
 
(23)  Philip, R.; Chantharasupawong, P.; Qian, H.; Jin, R.; Thomas, J. Evolution of 
Nonlinear Optical Properties: From Gold Atomic Clusters to Plasmonic 
Nanocrystals. Nano Lett. 2012, 12, 4661–4667. 
 
(24)  Polavarapu, L.; Manna, M.; Xu, Q.-H. Biocompatible Glutathione Capped Gold 
Clusters as One- and Two-Photon Excitation Fluorescence Contrast Agents for 
Live Cells Imaging. Nanoscale 2011, 3, 429–434. 
 
(25)  Smith, D. D.; Yoon, Y.; Boyd, R. W.; Campbell, J. K.; Baker, L. A.; Crooks, R. 
M.; George, M. Z-Scan Measurement of the Nonlinear Absorption of a Thin Gold 
Film. J. Appl. Phys. 1999, 86, 6200–6205. 
 
(26)  West, R.; Wang, Y.; Goodson, T. Nonlinear Absorption Properties in Novel Gold 
Nanostructured Topologies. J. Phys. Chem. B 2003, 107, 3419–3426. 
 
(27)  Ispasoiu, R. G.; Jin, Y.; Lee, J.; Papadimitrakopoulos, F.; Goodson, T. Two-
Photon Absorption and Photon-Number Squeezing with CdSe Nanocrystals. Nano 
Lett. 2002, 2, 127–130. 
 
(28)  Ispasoiu, R. G.; Balogh, L.; Varnavski, O. P.; Tomalia, D. A. Large Optical 
94 
 
Limiting from Novel Metal−Dendrimer Nanocomposite Materials. J. Am. Chem. 
Soc. 2000, 122, 11005–11006. 
 
(29)  Ding, C.; Tian, Y. Gold Nanocluster-Based Fluorescence Biosensor for Targeted 
Imaging in Cancer Cells and Ratiometric Determination of Intracellular pH. 
Biosens. Bioelectron. 2015, 65, 183–190. 
 
(30)  Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Synthesis of 
Thiol-Derivatised Gold Nanoparticles in a Two-Phase Liquid-Liquid System. J. 
Chem. Soc., Chem. Commun. 1994, 801–802. 
 
(31)  Perala, S. R. K.; Kumar, S. On the Mechanism of Metal Nanoparticle Synthesis in 
the Brust-Schiffrin Method. Langmuir 2013, 29, 9863–9873. 
 
(32)  Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, R. W.; Clark, 
M. R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D.; Glish, G. L.; 
Porter, M. D.; Evans, N. D.; Murray, R. W. Alkanethiolate Gold Cluster Molecules 
with Core Diameters from 1.5 to 5.2 nm:  Core and Monolayer Properties as a 
Function of Core Size. Langmuir 1998, 14, 17–30. 
 
(33)  Chen, S.; Templeton, A. C.; Murray, R. W. Monolayer-Protected Cluster Growth 
Dynamics. Langmuir 2000, 16, 3543–3548. 
 
(34)  Kim, J.; Lema, K.; Ukaigwe, M.; Lee, D. Facile Preparative Route to 
Alkanethiolate-Coated Au38 Nanoparticles: Postsynthesis Core Size Evolution. 
Langmuir 2007, 23, 7853–7858. 
 
(35)  Zhu, M.; Lanni, E.; Garg, N.; Bier, M. E.; Jin, R. Kinetically Controlled, High-
Yield Synthesis of Au25 Clusters. J. Am. Chem. Soc. 2008, 130, 1138–1139. 
 
(36)  Li, G.; Jiang, D.; Kumar, S.; Chen, Y.; Jin, R. Size Dependence of Atomically 
Precise Gold Nanoclusters in Chemoselective Hydrogenation and Active Site 
Structure. ACS Catal. 2014, 4, 2463–2469. 
 
(37)  Yuan, X.; Zhang, B.; Luo, Z.; Yao, Q.; Leong, D. T.; Yan, N.; Xie, J. Balancing 
the Rate of Cluster Growth and Etching for Gram-Scale Synthesis of Thiolate-
Protected Au25 Nanoclusters with Atomic Precision. Angew. Chem. Int. Ed. Engl. 
2014, 53, 4623–4627. 
 
(38)  Negishi, Y.; Nobusada, K.; Tsukuda, T. Glutathione-Protected Gold Clusters 
Revisited: Bridging the Gap Between Gold(I)-Thiolate Complexes and Thiolate-
Protected Gold Nanocrystals. J. Am. Chem. Soc. 2005, 127, 5261–5270. 
 
(39)  Chaki, N. K.; Negishi, Y.; Tsunoyama, H.; Shichibu, Y.; Tsukuda, T. Ubiquitous 8 
and 29 kDa Gold:Alkanethiolate Cluster Compounds: Mass-Spectrometric 
Determination of Molecular Formulas and Structural Implications. J. Am. Chem. 
95 
 
Soc. 2008, 130, 8608–8610. 
 
(40)  Jadzinsky, P. D.; Calero, G.; Ackerson, C. J.; Bushnell, D. A.; Kornberg, R. D. 
Structure of a Thiol Monolayer-Protected Gold Nanoparticle at 1.1 Å Resolution. 
Science 2007, 318, 430–433. 
 
(41)  Zhu, M.; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R. Correlating the 
Crystal Structure of a Thiol-Protected Au25 Cluster and Optical Properties. J. Am. 
Chem. Soc. 2008, 130, 5883–5885. 
 
(42)  Akola, J.; Walter, M.; Whetten, R. L.; Häkkinen, H.; Grönbeck, H. On the 
Structure of Thiolate-Protected Au25. J. Am. Chem. Soc. 2008, 130, 3756–3757. 
 
(43)  Heaven, M. W.; Dass, A.; White, P. S.; Holt, K. M.; Murray, R. W. Crystal 
Structure of the Gold Nanoparticle [N(C8H17)4][Au25(SCH2CH2Ph)18]. J. Am. 
Chem. Soc. 2008, 130, 3754–3755. 
 
(44)  Zeng, C.; Liu, C.; Chen, Y.; Rosi, N. L.; Jin, R. Gold-Thiolate Ring as a Protecting 
Motif in the Au20(SR)16 Nanocluster and Implications. J. Am. Chem. Soc. 2014, 
136, 11922–11925. 
 
(45)  Das, A.; Li, T.; Li, G.; Nobusada, K.; Zeng, C.; Rosi, N. L.; Jin, R. Crystal 
Structure and Electronic Properties of a Thiolate-Protected Au24 Nanocluster. 
Nanoscale 2014, 6, 6458–6462. 
 
(46)  Schaaff, T. G.; Knight, G.; Shafigullin, M. N.; Borkman, R. F.; Whetten, R. L. 
Isolation and Selected Properties of a 10.4 kDa Gold:Glutathione Cluster 
Compound. J. Phys. Chem. B 1998, 102, 10643–10646. 
 
(47)  Tracy, J.; Crowe, M.; Parker, J. F.; Hampe, O.; Fields-Zinna, C.; Dass, A.; Murray, 
R. W. Electrospray Ionization Mass Spectrometry of Uniform and Mixed 
Monolayer Nanoparticles: Au25[S(CH2)2Ph]18 and Au25[S(CH2)2Ph]18-x(SR)x. J. 
Am. Chem. Soc. 2007, 129, 16209–16215. 
 
(48)  Negishi, Y.; Nakazaki, T.; Malola, S.; Takano, S.; Niihori, Y.; Kurashige, W.; 
Yamazoe, S.; Tsukuda, T.; Häkkinen, H. A Critical Size for Emergence of 
Nonbulk Electronic and Geometric Structures in Dodecanethiolate-Protected Au 
Clusters. J. Am. Chem. Soc. 2015, 137, 1206–1212. 
 
(49)  Chevrier, D.; MacDonald, M.; Chatt, A.; Zhang, P.; Wu, Z.; Jin, R. Sensitivity of 
Structural and Electronic Properties of Gold–Thiolate Nanoclusters to the Atomic 
Composition: A Comparative X-Ray Study of Au19(SR)13 and Au25(SR)18. J. Phys. 
Chem. C 2012, 116, 25137–25142. 
 
(50)  Kurashige, W.; Niihori, Y.; Sharma, S.; Negishi, Y. Recent Progress in the 
Functionalization Methods of Thiolate-Protected Gold Clusters. J. Phys. Chem. 
96 
 
Lett. 2014, 5, 4134–4142. 
 
(51)  Ashenfelter, B. A.; Desireddy, A.; Yau, S. H.; Goodson, T.; Bigioni, T. P. 
Fluorescence from Molecular Silver Nanoparticles. J. Phys. Chem. C 2015, 119, 
20728–20734. 
 
(52)  Wang, S.; Zhu, X.; Cao, T.; Zhu, M. A Simple Model for Understanding the 
Fluorescence Behavior of Au25 Nanoclusters. Nanoscale 2014, 6, 5777–5781. 
 
(53)  Green, T. D.; Yi, C.; Zeng, C.; Jin, R.; McGill, S.; Knappenberger Jr, K. L. 
Temperature-Dependent Photoluminescence of Structurally-Precise Quantum-
Confined Au25(SC8H9)18 and Au38(SC12H25)24 Metal Nanoparticles. J. Phys. Chem. 
A 2014, 118, 10611–10621. 
 
(54)  Shibu, E. S.; Muhammed, M. A. H.; Tsukuda, T.; Pradeep, T. Ligand Exchange of 
Au25(SG)18 Leading to Functionalized Gold Clusters: Spectroscopy, Kinetics, and 
Luminescence. J. Phys. Chem. C 2008, 112, 12168–12176. 
 
(55)  Mai, H. H.; Kaydashev, V. E.; Tikhomirov, V. K.; Janssens, E.; Shestakov, M. V.; 
Meledina, M.; Turner, S.; Van Tendeloo, G.; Moshchalkov, V. V.; Lievens, P. 
Nonlinear Optical Properties of Ag Nanoclusters and Nanoparticles Dispersed in a 
Glass Host. J. Phys. Chem. C 2014, 118, 15995–16002. 
 
(56)  Miyamura, H.; Yasukawa, T.; Kobayashi, S. Preparation of Polymer Incarcerated 
Gold Nanocluster Catalysts (PI-Au) and Their Application to Aerobic Oxidation 
Reactions of Boronic Acids, Alcohols, and Silyl Enol Ethers. Tetrahedron 2014, 
70, 6039–6049. 
 
(57)  Ramakrishna, G.; Dai, Q.; Zou, J.; Huo, Q.; Goodson, T. Interparticle 
Electromagnetic Coupling in Assembled Gold-Necklace Nanoparticles. J. Am. 
Chem. Soc. 2007, 129, 1848–1849. 
 
(58)  Jin, R.; Qian, H.; Wu, Z.; Zhu, Y.; Zhu, M.; Mohanty, A.; Garg, N. Size Focusing: 
A Methodology for Synthesizing Atomically Precise Gold Nanoclusters. J. Phys. 
Chem. Lett. 2010, 1, 2903–2910. 
 
(59)  Lance Kelly, K.; Coronado, E.; Zhao, L. L.; Schatz, George, C. The Optical 
Properties of Metal Nanoparticles: The Influence of Size, Shape, and Dielectric 
Environment. J. Phys. Chem. B 2003, 107, 668–677. 
 
(60)  Devadas, M. S.; Kim, J.; Sinn, E.; Lee, D.; Goodson, T.; Ramakrishna, G. Unique 
Ultrafast Visible Luminescence in Monolayer-Protected Au25 Clusters. J. Phys. 
Chem. C 2010, 114, 22417–22423. 
 
(61)  Liu, C.-L.; Ho, M.-L.; Chen, Y.-C.; Hsieh, C.-C.; Lin, Y.-C.; Wang, Y.-H.; Yang, 
M.-J.; Duan, H.-S.; Chen, B.-S.; Lee, J.-F.; Hsiao, J.-K.; Chou, P.-T. Thiol-
97 
 
Functionalized Gold Nanodots: Two-Photon Absorption Property and Imaging In 
Vitro. J. Phys. Chem. C 2009, 113, 21082–21089. 
 
(62)  Mansour, K.; Soileau, M. J.; Stryland, E. W. Van. Nonlinear Optical Properties of 
Carbon-Black Suspensions (ink). J. Opt. Soc. Am. B 1992, 9, 1100-1109. 
 
(63)  Sheik-Bahae, M.; Said, A. A.; Wei, T.-H.; Hagan, D. J.; Van Stryland, E. W. 
Sensitive Measurement of Optical Nonlinearities Using a Single Beam. IEEE J. 
Quantum Electron. 1990, 26, 760–769. 
 
(64)  Devadas, M. S.; Bairu, S.; Qian, H.; Sinn, E.; Jin, R.; Ramakrishna, G. 
Temperature-Dependent Optical Absorption Properties of Monolayer-Protected 
Au25 and Au38 Clusters. J. Phys. Chem. Lett. 2011, 2, 2752–2758. 
 
(65)  Acuna, G. P.; Bucher, M.; Stein, I. H.; Steinhauer, C.; Kuzyk, A.; Holzmeister, P.; 
Schreiber, R.; Moroz, A.; Stefani, F. D.; Liedl, T.; Simmel, F. C.; Tinnefeld, P. 
Distance Dependence of Single-Fluorophore Quenching by Gold Nanoparticles 
Studied on DNA Origami. ACS Nano 2012, 6, 3189–3195. 
 
(66)  Stein, I. H.; Steinhauer, C.; Tinnefeld, P. Single-Molecule Four-Color FRET 
Visualizes Energy-Transfer Paths on DNA Origami. J. Am. Chem. Soc. 2011, 133, 
4193–4195. 
 
(67)  Clapp, A. R.; Medintz, I. L.; Mauro, J. M.; Fisher, B. R.; Bawendi, M. G.; 
Mattoussi, H. Fluorescence Resonance Energy Transfer Between Quantum Dot 
Donors and Dye-Labeled Protein Acceptors. J. Am. Chem. Soc. 2004, 126, 301–
310. 
 
(68)  Yun, C. S.; Javier, A.; Jennings, T.; Fisher, M.; Hira, S.; Peterson, S.; Hopkins, B.; 
Reich, N. O.; Strouse, G. F. Nanometal Surface Energy Transfer in Optical Rulers, 
Breaking the FRET Barrier. J. Am. Chem. Soc. 2005, 127, 3115–3119. 
 
(69)  Jennings, T. L.; Singh, M. P.; Strouse, G. F. Fluorescent Lifetime Quenching near 
D = 1.5 nm Gold Nanoparticles: Probing NSET Validity. J. Am. Chem. Soc. 2006, 
128, 5462–5467. 
 
(70)  Persson, B. N. J.; Lang, N. D. Electron-Hole-Pair Quenching of Excited States 
Near a Metal. Phys. Rev. B 1982, 26, 5409–5415. 
 
(71)  Akola, J.; Kacprzak, K. A.; Lopez-Acevedo, O.; Walter, M.; Grönbeck, H.; 
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4.2 Abstract 
Using nanoclusters as building blocks for supracrystals has sparked research interest 
due to the unique optical and electronic properties that nanoclusters can incorporate in 
large crystals. The advantage of building nanocluster crystals through molecular linkers is 
that the linker can be used as a functional group for the nanoclusters (e.g. dye-nanocluster 
systems). In this study, we employed the ligand exchange reaction to synthesize 
chromophore-Au25 nanocluster oligomers and investigated their linear and nonlinear 
optical properties. The chromophore-Au25 nanocluster oligomers product mixture was 
separated into four bands by polyacrylamide gel electrophoresis and characterized by 
matrix assisted laser desorption ionization mass spectrometry and scanning transmission 
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electron microscopy imaging. The linear optical properties of the systems were 
investigated by steady state UV-vis absorption and fluorescence spectroscopy. The 
chromophore-Au25 nanocluster oligomers showed increased oscillator strength and 
transition dipole moment compared to single Au25 nanoclusters. Energy transfer from the 
chromophore 4,4’-thiodibenzenethiol (TBT) to the metal cluster was observed in the 
chromophore-Au25 nanocluster dimer system. The excited state and fluorescence 
dynamics were investigated by transient absorption spectroscopy, time-resolved 
fluorescence up-conversion and time-correlated single photon counting. The 
chromophore-Au25 nanocluster oligomers have a long-lived surface state, due to the 
contribution of energy transfer by two nanocluster cores. The two-photon absorption 
cross sections of the chromophore-Au25 nanocluster oligomers showed an increasing 
enhancement trend with increasing oligomer length. An enhancement factor of up to 68 
times was found compared to single Au25 nanoclusters. Finally, we performed a structure-
property correlation analysis to explain the observed optical properties of these systems.  
4.3 Introduction  
The synthesis and optical characterization of metal particles has led to applications of 
their use in many optical and electronic devices.1–3 In the case of metal nanoparticles (> 2 
nm), applications have exploited their surface plasmon resonance for imaging, sensing, 
and electronic and magnetic devices.4–10 For example, metal nanoparticles have been 
coupled to organic chromophores, which results in the nonlinear optical enhancement of 
the chromophore-nanoparticle assembly.11–14 Theoretical and experimental results of 
organic molecules with metal nanoparticles show strong distance dependence of the 
electronic coupling which makes the design and fabrication of a device’s topology very 
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challenging.5,155,15 It has been suggested that it would be more feasible if one could 
couple to specific transitions in the metal as opposed to the surface plasmon band.16,17 
Monolayer-protected metal nanoclusters (MPCs) are smaller than 2 nm and exhibit 
discrete energy levels due to the quantum confinement effect.18–26 The molecular 
characteristics of metal nanoclusters give rise to unique physical and optical properties, 
such as bright fluorescence and large two-photon absorption cross sections.22,27–29 One 
particular area of interest of metal nanoclusters is their tunable electronic and optical 
properties by surface ligand modification, metal atom doping, and size control.29–33 
Surface ligand modification with a chromophore has been accomplished with 
nanoparticles and nanoclusters.11,34–41 A group of chromophores, for example, on a 
plasmonic metal nanoparticle shows much faster energy transfer compared to a group of 
free, concentrated chromophores.11,42 The ultrafast energy transfer between the 
chromophores on the nanoparticle’s surface was found to be related to a specific 
geometrical configuration of the chromophores on the nanoparticle’s surface as opposed 
to random rotational diffusion of free dyes.11 Ding and coworkers have recently shown 
through theoretical calculations that the rate of energy transfer between a donor and an 
acceptor attached to a plasmonic gold nanoparticle can be reduced or enhanced based on 
the relative orientation of the donor-acceptor pair; but the enhancement factor, up to 106 
times, greatly outweighs any quenching effects.43 Certain fluorescent dyes attached to a 
gold nanocluster show significant fluorescence quenching of the dye due to static 
quenching from the nanocluster, which forms a non-fluorescent ground state complex.44 
For example, a pyrene attached to a Au25 nanocluster shows electron transfer from the 
nanocluster to the dye, which forms a low fluorescence quantum yield pyrene anion.40 
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Therefore, there is high motivation in designing network of functionalized metal 
nanocluster systems that exhibit enhanced energy transfer properties for a wide range of 
applications. 
Beyond dye-nanocluster or dye-nanoparticle systems, there has been an interest in 
nanocluster-nanocluster systems in which well-defined metal nanoclusters can be used as 
molecular building block units to form “metal nanocluster oligomer” materials.45–48 A 
network of metal nanoclusters may present a huge advantage compared to conventional 
crystals based on atoms of the same metal. For example, a nanocrystal composed of 
nanoclusters would incorporate the optical properties contributed by the nanoclusters, 
such as fluorescence, whereas a nanoparticle of the same size composed of metal atoms 
does not exhibit fluorescence. The coupling of the metal nanoclusters could also lead to 
enhanced nonlinear optical effects.27 So far, only theoretical studies on the optical 
properties of “metal nanocluster oligomers” have been reported.45,48–50 For example, in a 
theoretical study of the Au25-benzenedithiolate-Au25 dimer system, it was shown that the 
basic electronic structure of the Au25 nanocluster is not disturbed compared to single Au25 
nanoclusters.45 There are also reports that show that metal nanocluster oligomers can be 
synthesized.51,52 Baksi and coworkers have demonstrated experimentally the formation of 
[Au25]2 dimers and [Au25]3 trimers in the gas phase inside an ion mobility mass 
spectrometer. The dimers and the trimers are found to be covalently linked together by 
the aurophilic bonding between the Au2S3 staples of adjacent nanoclusters.
51 Aurophilic 
interactions between Au-SR staples are also observed in the polymeric 
Au25(SCH2CH2CH3)18 nanocluster “wire”, where the Au25 nanoclusters are linked 
together by inter-cluster Au-Au bonds.52 
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In this report, we show the first systematic study of the optical properties of 
chromophore-Au25 nanocluster oligomers. We demonstrate that the chromophore-Au25 
nanocluster oligomers can be synthesized by ligand exchange with a dithiol linker, and 
the resulting mixture of oligomers can be separated by gel electrophoresis. This type of 
metal nanocluster oligomer consists of linkers between the nanoclusters instead of direct 
nanocluster linking through their surface gold atoms. The linear and nonlinear optical 
absorption of the chromophore-Au25 nanocluster oligomers were studied by steady state 
absorption and fluorescence spectroscopy and two-photon absorption spectroscopy. The 
excited state dynamics of the nanocluster oligomers were analyzed by transient 
absorption spectroscopy, time-resolved fluorescence up-conversion and time-correlated 
single photon counting. The basic questions posed here are, how chromophore-Au25 
nanocluster oligomers differ from the single Au25 nanocluster in their optical properties, 
and how energy transfer occurs between the chromophore and the Au25, and between the 
linked Au25 nanoclusters.  
4.4 Experimental 
Chemicals. All reagents are commercially available and were used without further 
purification. HAuCl4·3H2O, glutathione (GSH), 4,4’-thiodibenzenethiol (TBT) are from 
Sigma Aldrich. Sodium borohydride (NaBH4) is from Merck Millipore. 
Polyacrylamide/bis-acrylamide solution and tetramethylethylenediamine (TEMED) are 
from Bio-Rad Laboratories. Ammonium persulfate (APS) and TBE buffer are from IBI 
Scientific. Nanopure H2O was used throughout the experiments. 
Synthesis of Au25(GSH)18 nanoclusters. Water soluble Au25(GSH)18 nanoclusters 
were synthesized following the one-pot synthesis method.53 A solution of HAuCl4·3H2O 
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(170 mg, 0.5 mmol) was prepared in methanol (100 mL) and chilled in an ice bath for 15 
min. The capping ligand, glutathione (C10H17N3O6S; GSH) (614 mg, 2 mmol), was added 
to the solution and stirred for 30 min. The solution turned from the initial yellow color to 
a white/clear solution, indicating the formation of Au(I)-GSH polymer.54,55 Freshly 
prepared NaBH4 (189 mg, 5 mmol) solution (25 mL H2O) was added dropwise and the 
mixture was stirred for 1 h. The solution turned into a dark brown color, indicative of 
nanoclusters formation.56  The crude product was washed with methanol to remove 
excess reagents, then re-dissolved in H2O and incubated with excess GSH at 55°C for 3 
h. The precipitate of the reaction was discarded. The supernatant containing Au25(GSH)18 
was collected and washed with methanol.57 The purity of the sample was assessed by 
UV-vis absorption spectroscopy which shows the distinct absorption bands of 
Au25(GSH)18 at 450, 500, and 670 nm, and by electrophoresis which showed a single 
band. 
Synthesis of chromophore-Au25 nanocluster oligomers. Nanocluster oligomers 
were prepared by ligand exchange reaction with a dithiol ligand. A representative 
procedure is as follows. An aqueous solution of Au25(GSH)18 was prepared at a 
concentration of 8.1 x 10-5 M (0.2 μmol). 4,4’-thiodibenzenethiol (TBT) (1.6 mg) was 
dissolved in basic water (2 mL) to yield a clear solution. For a 1:2 cluster-to-TBT ratio, 
100 μL of the TBT solution was added to the Au25(GSH)18 solution and stirred at room 
temperature overnight.  
Polyacrylamide gel electrophoresis (PAGE). The nanoclusters oligomers were 
purified by PAGE. The resolving gel was prepared with 30% polyacrylamide (29:1 
acrylamide/bis-acrylamide) and the stacking gel was prepared with 10% polyacrylamide. 
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The formulation of the gels is modified from the traditional gels that are used for 
biological samples.58 The main modification is the elimination of the denaturing agent, 
sodium dodecyl sulphate. Different concentrations of the initiators (APS and TEMED) 
and gel were experimented to optimize separation. PAGE was run in a TBE 1x buffer (in 
MeOH:water solvent mixture) at constant 270 V for 2 h. A coolant pack was placed 
inside the electrophoresis tank to prevent the gel from heating up. The electrophoresis 
was performed in a Mini-PROTEAN Tetra Cell from Bio-Rad Laboratories. The 
individual bands were retrieved, crushed, and soaked in water to extract the nanocluster 
oligomers. For the 4th band, we extracted the nanocluster oligomers that were found near 
the running and stacking gel interface as shown in Figure 1. The extracted nanocluster 
oligomer solutions were filtered to remove traces of gel. 
Steady state absorption and emission. UV-vis absorption spectra were recorded 
with Agilent 8453 spectrophotometer over 200 – 1200 nm. Fluorescence emission spectra 
were recorded with Fluoromax-2 spectrophotometer. The samples were loaded in quartz 
cuvettes and the excitation path length was 1 cm. The emission quantum yields of the 
chromophore-nanocluster oligomers were calculated using tetraphenylporphyrin zinc as 
the standard, excited at 400 nm. 
Matrix-assisted laser desorption ionization (MALDI) mass spectrometry 
characterization. Mass spectrometry was performed by matrix-assisted laser desorption 
ionization with a Bruker Autoflex MALDI, using a 2,5-dihydroxybenzoic acid matrix 
(approximately 400:1 molar ratio of matrix to sample). Mass spectra were recorded in 
negative, linear mode. The MALDI was calibrated with different proteins between 5.7 – 
66kDa. The laser beam size was “medium” and the intensity was adjusted to ~62% for 
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Au25(GSH)18, band 1, and band 2, and adjusted to ~85% for band 3. The detector voltage 
was adjusted to 2.924 kV. The spectra were the average of 2,000 scans and has a mass 
range/resolution of 2.50 GS/s. The data were collected with the FlexControl software and 
analysis was performed with FlexAnalysis software. 
Femtosecond time-resolved fluorescence up-conversion. The fluorescence up-
conversion system is described elsewhere.20 The aqueous solution samples were placed in 
a 0.1 cm thick rotating cell and excited with a frequency-doubled light (~400 nm) from a 
mode-locked Ti:sapphire laser (Tsunami, Spectra Physics) which produces a 100 fs 800 
nm beam. The emission of the sample is up-converted at a β-barium borate (BBO) crystal 
using 800 nm light which was passed through a delay line prior. The instrument response 
function (IRF) was measured using the raman scattering of water and is found to be 94 fs. 
The system was calibrated with standard laser dyes. The up-converted light is directed to 
a monochromator and detected with a photomultiplier tube (R1527P, Hamamatsu). The 
lifetimes of the fluorescence decay were calculated by fitting the experimental data with a 
multi-exponential decay function convoluted with the IRF. 
Two-photon excited fluorescence. Two-photon excited fluorescence (TPEF) was 
performed as follows. The ~820 nm excitation was produced from a mode-locked 
Ti:sapphire laser (Kapteyn-Murnane Laboratories, Inc.) with ~30 fs pulses. A Nd:YVO4 
pump (Millenia-Pro, Spectra Physics) was used to generate a cw 532 nm laser that enters 
the cavity of the Ti:sapphire. The excitation beam power was varied with a neutral 
density filter and focused on the sample cell with an 11.5 cm focusing lens. A 
monochromator, placed perpendicular to the excitation beam, was used to collect the 
fluorescence and is coupled to a photomultiplier tube. 
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Femtosecond transient absorption. An amplified laser (Spectra Physics Spitfire) 
with pulse duration of ~100 fs, repetition rate of 1 kHz, and power of 800 mW was 
directed at a beam splitter to generate the pump (85%) and the probe beams (15%). The 
pump beam (~66 µJ per pulse) was generated from the second harmonic of the 
amplifier’s output (~800 nm) using a BBO crystal and was focused onto the sample cell 
(l = 1 mm). The probe beam was passed through a computer-controlled delay line and 
focused onto a 2 mm sapphire plate to generate the white light continuum (Helios by 
Ultrafast Systems Inc.). The white light was focused onto the sample and overlapped with 
the pump beam. The absorption difference (ΔA) of the signal was collected by a CCD 
detector (Ocean Optics). Data acquisition was performed with the software Helios by 
Ultrafast Systems Inc. The IRF was measured by the raman scattering of water at 466 nm 
and is found to be 110 fs. Data analysis was performed with Surface Xplorer Pro 
software. 
Scanning transmission electron microscopy (STEM) imaging. Au25(GSH)18 
nanocluster and band 2 solutions were prepared at pH 7.2. The solutions were sonicated 
for 40 min and filtered through 220 nm pore PTFE filters. The solutions were diluted to 
120 nM concentration. The solutions were drop-cast on 200-mesh holey carbon copper 
grids and air dried. The holey carbon copper grids were purchased from SPI Supplies. 
Both STEM bright-field (BF) and high angle annular dark-field (HAADF) images were 
collected with a JEM-2100F electron microscope with CEOS probe corrector. The size 
and inter-cluster distribution were analyzed with Digital Micrograph software by Gatan 
Inc. 
4.5 Results and discussion 
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Synthesis and separation of chromophore-Au25 nanocluster oligomers. 
Chromophore-Au25 nanocluster oligomers were synthesized by the ligand exchange 
reaction with 4,4’-thiodibenzenethiol (TBT) (Scheme 4.1). Previous reports on dithiol 
ligand exchange with Au25 nanoclusters showed that inter-staple cross-linking of 
Au25(SCH2CH2Ph)18 nanoclusters was achieved using binaphthyl-dithiol and short 
alkanes dithiols.59,60 The inter-staple cross-linking, however, happened within the same 
nanoclusters, where the dithiols cross-link two of the -Au-S-Au- staples on the 
nanocluster’s surface. Inter-staple cross-linking was possible due to the close positioning 
of the two thiol functional groups in the molecule. For instance, the binaphthyl-dithiol 
has two thiols positioned on the same side of the binaphthyl molecule. To achieve inter-
staple cross-linking between two nanoclusters, a dithiol was chosen that contains –SH 
groups at opposite “ends” of the molecule, such as 4,4’-thiodibenzenethiol. 
Scheme 4.1. Ligand exchange reaction of Au25(GSH)18 nanocluster
18 with TBT to form 




The separation of the as-synthesized chromophore-Au25 nanocluster oligomer product 
was performed by polyacrylamide gel electrophoresis (PAGE). Different experimental 
conditions were investigated to achieve a good separation. For the best separation, a 30% 
resolving and 10% stacking gel were used (Figure 4.1). The nanocluster oligomers 
separated into 4 bands. The species with the smallest mass and charge migrates faster 
towards the bottom of the gel. It is evident that band 2 is the major chromophore-Au25 
nanocluster oligomer product. In general, the probability of obtaining dimers is higher 
than longer oligomers: a nanocluster functionalized with TBT, must come together with 
another Au25(GSH)18 nanocluster to form Au25(GSH)17-TBT-Au25(GSH)17. On the other 
hand, the probability to obtain a trimer is lower because a nanocluster dimer and a single 
nanocluster must come together for the ligand exchange reaction to take place. The 
probability of this encounter is low compared to the encounter of two single nanoclusters 
to form a dimer due to the higher number of single nanoclusters at the early stage of 
ligand exchange and the slower mobility of a dimer compared to a single cluster. Ligand 
exchange reaction has been proven to be a versatile strategy for deliberately 
functionalizing metal nanoclusters with the desired ligands.59–61 Based on the clear 
separation of the reaction products in the gel electrophoresis (Figure 4.1), we are 
confident that the exchange reaction between Au25 nanoclusters and the dithiol 
chromophore TBT yielded chromophore-Au25 nanocluster oligomers. The chromophore-
Au25 nanocluster oligomers were further characterized by MALDI mass spectrometry and 
scanning transmission electron microscopy. 
MALDI-MS characterization of chromophore-Au25 nanocluster oligomers. The 
results from the gel electrophoresis separation show that the ligand exchange reaction of 
110 
 
Au25(GSH)18 with the dithiol TBT chromophore yielded products that have higher 
molecular masses than the Au25(GSH)18 nanocluster itself. 
 
Figure 4.1. PAGE separation of chromophore-Au25 nanocluster oligomers. 
 
Since the chromophore-Au25 nanocluster oligomers contain a combination of polar 
(glutathione) and non-polar (TBT) ligands, the fragmentation pattern for each type of 
ligand must be taken into consideration in the analysis of the chromophore-Au25 
nanocluster oligomers mass spectra. It has been shown that the MALDI mass spectrum of 
the Au25 nanocluster with the non-polar ligand, 2-phenylethanethiol (PET), displays a 
single peak centered at 7,394 m/z which corresponds to the molecular mass of the 
[Au25(PET)18]
- nanocluster species.53 This intact mass was obtained with minimal laser 
intensity. On the other hand, the LDI mass spectra of the Au25(GSH)18 and Au25(PET)18 
nanoclusters showed the same cluster fragmentations between 3,000 m/z and 6,000 m/z.62 
Shown in the first panel of Figure 4.2 is the MALDI mass spectrum of the Au25(GSH)18 
nanocluster. According to Wu and coworkers, the fragmentation of a Au25(SR)18 
nanocluster occurs in the following manner: [Au25(SR)18]
- → [Au25S12]
- + 6S + 18R.62 
Relatively high laser intensity must be used (~62%) to obtain the MALDI mass spectrum 
of the Au25(GSH)18. Though the MALDI mass spectrum of Au25(PET)18 nanocluster 
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could be obtained with low laser intensity (~20%), at 62% laser intensity, the mass 
spectrum also showed the same fragmentation. Therefore, the Au25 nanocluster shows the 
same fragmentation pattern regardless of the type of ligand at high laser intensity. A 
comparison between band 1 and Au25(GSH)18 shows that the identity of band 1 is the 
single [Au25(GSH)18]
- nanocluster. The fragmented ion species are AuxSy
- clusters, 
showing complete loss of ligands, therefore the isotope mass distribution depends on the 
sulfur atom since gold is a mono-isotopic atom.62 The difference of 2 mass units in the 
high resolution spectrum is due to the difference between the 32S and 34S isotopes. 
Therefore, band 1 are the unreacted Au25 nanoclusters that did not form chromophore-
Au25 nanocluster oligomers. 
The mass spectrum of band 2 shows similar fragmentation ion peaks in the 3,500 – 
7,000 m/z range as the mass spectrum of single Au25(GSH)18 nanoclusters. Additionally, 
a peak centered at ~9,147 m/z is observed in the mass spectrum of band 2 (Figure 4.2). In 
consideration of the facts that a) ligand substitution can result in a distribution of 
substituted ligands, b) that the isotope mass distribution increases with oligomer size and 
c) that high laser intensity was used, it is expected that the mass spectra of the 
chromophore-Au25 nanocluster oligomers would have a relatively broad band due to the 
higher number of masses and fragmented ions. Since the m/z of this broad peak is 
roughly twice that of single nanoclusters, the initial suggestion is that band 2 is a dimer. 
The general formula of a chromophore-Au25 nanocluster dimer is 
Au25(SR)17(TBT)Au25(SR)17, where SR represents the distribution of –GSH and –TBT. 
We estimated the lowest and highest molecular mass limits for a chromophore-Au25 
nanocluster dimer based on full TBT (248.403 g/mol) and full GSH (306.32 g/mol) 
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substitution, respectively. Additionally, for the lowest and the highest molecular mass of 
the dimer, we also calculated the isotopic mass distribution based on the two most 
abundant isotopes of S, C, H, N, and O (Figure 4.3). A relatively high laser intensity 
(~62%) was necessary to obtain the mass spectrum of band 2, which explains the 
presence of the fragmented ion peaks at ~6,000 m/z and below. The mass distribution of 
the dimer is 18,530 – 22,058 Da. Since each nanocluster bears a -1 charge, it is expected 
that the dimer would have an overall -2 charge. Therefore, the z = 2 and the dimer’s 
peaks would appear between 9,265 – 11,029 m/z (Figure 4.3). The lowest and highest 
estimated m/z of a chromophore-Au25 nanocluster dimer match with the high m/z of the 
broad peak on the mass spectrum of band 2. The low m/z part of the broad peak is due to 
the fragmentation of the dimer to various extent. Therefore, we have synthesized 
chromophore-Au25 nanocluster dimers which are the major product from the synthesis. 
The mass spectrum of band 3 did not show any ion peaks between 3,000 – 15,000 
m/z, but it shows a broad peak at higher m/z, centered at 22,787 m/z (Figure 4.2 last 
panel). The mass in this range is, by estimation, suggested to be of a nanocluster trimer. 
The general formula of a chromophore-Au25 nanocluster trimer is 
Au25(SR)17(TBT)[Au25(SR)16TBT]Au25(SR)17, where SR represents the distribution of –
GSH and –TBT. Using the same analysis in the mass spectrum of band 2, the lowest and 
highest molecular masses of a trimer (taking into consideration the two most abundant 
isotopes as well) were calculated. It was suggested initially that the trimer would bear a -
3 charge due to the contribution of each nanocluster. Therefore, it was expected that the 
trimer would have peaks at 9,223 – 10,776 m/z, but these are not observed. The broad 
peak centered at 22,787 m/z corresponds to the mass distribution of the chromophore-
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Au25 nanocluster trimers with a single charge. The mass distribution of the trimer 
matches with the high m/z of the broad peak (Figure 4.3). Due to the high laser intensity, 
the low m/z of the broad peak corresponds to the fragmentation of the trimer to various 
extent. However, it is not a complete fragmentation of the nanocluster oligomer where all 
ligands are lost. The mass spectrum of band 3 confirms that we also synthesized and 
separated chromophore-Au25 nanoclusters trimers. 
 
Figure 4.2. Negative ion mode MALDI spectra of the Au25(GSH)18 nanocluster and 





Figure 4.3. MALDI spectra of band 2 and band 3, suggesting a dimer and a trimer, 
respectively. A distribution of molecular masses was calculated for the dimer and trimer, 
which matches with the high m/z of the broad peaks. The low m/z of the broad peaks are 
due to fragmented ions as high laser intensity was used to obtain the spectra. 
 
 




















































































































We have considered the possibility of observing fragmentations for band 2 and 3, 
similar to the that of the single nanocluster. However, since the fragmented species is a 
bare Au25 cluster, it would be impossible to trace it back to an oligomer if band 2 and 3 
displayed such fragmentation. This was not the case in the spectrum of band 2 and 3. A 
peak appears at higher m/z than the single nanocluster’s spectrum. We also considered, 
like in the case of the dimer, the possibility of no fragmentation and an overall 3- charge 
contributed by each cluster in the case of a trimer. If this was the case, the m/z of the 
trimer would show up in the same m/z as that of band 2 and would complicate the 
assignment of the oligomer sizes. But this was not the case because a higher charge state 
is even rarer in MALDI. We know that oxidation of the nanoclusters can occur with a 
thiolate, as in the case of thiol etching in the synthesis of Au25. However, the extent of the 
thiol etching in the synthesis of Au25 is far: the result is the decomposition of unstable 
cluster sizes by oxidation to Au1+ ions. To achieve this, either high temperature or long 
period of time (days) is needed. The ligand exchange reaction was allowed to elapse 
overnight, therefore it may be possible to have achieved oxidation of the Au25(SR)18
1-
 nanoclusters into the neutral charged cluster. 
Band 4 is a heterogeneous mixture of large chromophore-Au25 nanocluster oligomers 
due to the low band resolution from the PAGE separation (Figure 4.1). Based on the 
coloration of the gel, the yield of these large oligomers is low compared to the other 
bands. A rough estimate of the size of these oligomers is made using the semi-log plot 
method which is commonly used for the estimation of proteins and nucleic acid’s 
molecular masses in gel electrophoresis.63 A linear plot is generated based on the log of 
the molecular masses of band 1, 2 and 3 as a function of the distance travelled by each 
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bands (Figure 4.4). We have taken our point of measurement the center of each band as 
indicated in Figure 4.4. Due to the low resolution of band 4, we estimated the lowest and 
highest possible masses by measuring the furthest point travelled (d) and the shortest 
point travelled (e) in the gel, respectively (Figure 4.4). The lowest estimated mass in this 
band is a trimer with full GSH substitution, 
Au25(GSH)17(TBT)[Au25(GSH)16TBT]Au25(GSH)17. It is no surprise that band 4 would 
contain the highest possible mass of a trimer given that this band is not well resolved 
from band 3. The highest estimated mass in band 4 is a chromophore-Au25 nanocluster 
hexamer (~6-mer). 
From the mass spectrometry analysis of the chromophore-Au25 nanocluster 
oligomers, we demonstrate that we were able to synthesize chromophore-Au25 
nanocluster dimers and trimers. The major product of the reaction is the chromophore-
Au25 nanocluster dimer, Au25(SR)17(TBT)Au25(SR)17. We were able to also separate 
chromophore-Au25 nanocluster trimers, ~6-mers, and unreacted single Au25 nanoclusters 




Figure 4.4. Semi-log plot for the estimation of the molecular masses of band 4. Due to 
the low band resolution in the PAGE separation, band 4 is a heterogeneous mixture of 
chromophore-Au25 nanocluster oligomers larger than band 1, 2 and 3. The distances 
travelled by each band were measured on the gel, and the molecular masses used for the 
semi-log plot were determined in MALDI mass spectrometry for band 1, 2 and 3. 
 
Scanning transmission electron microscopy imaging of the chromophore-Au25 
nanocluster dimer.  To further characterize the chromophore-Au25 nanocluster dimers, 
scanning transmission electron microscopy (STEM) imaging was performed on the 
chromophore-Au25 nanocluster dimer and on the single Au25(GSH)18 nanocluster. To 
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carry out this process, the pH of the samples’ solutions was adjusted to 7.2 to prevent 
nanocluster aggregation and to rule out dimers based on aggregation.64 Additionally, the 
solutions were sonicated and filtered prior to drop-casting on holey carbon copper grids. 
Finally, the solutions concentrations were diluted to 120 nM to minimize aggregation. 
 
Figure 4.5. STEM dark field images of single Au25 nanoclusters and of chromophore-





























































































nm. Inter-cluster distance distribution was performed only on features that appear to be in 
close proximity. 
 
Shown in Figure 4.5 is the dark field STEM images of single Au25 nanoclusters (a) 
and of chromophore-Au25 nanocluster dimers (b). The size distribution analysis of the 
individual bright features showed that they are approximately 2 nm in size in both the 
single cluster and the chromophore-Au25 nanocluster dimer images (Figure 4.5c, d). Au25 
nanoclusters have been reported to be <2 nm in diameter, in accordance to our 
observation.24,64 The dimensions of a Au25 nanocluster’s triclinic unit cell are a = 16.2 Å, 
b = 17.4 Å, c = 18.7 Å, which take into account the nanocluster’s surface ligands and the 
counter-ion.23 These dimensions are in good agreement with the features’ size 
distribution in both STEM images. The variation of the features’ sizes is likely due to the 
varying resolution of the features in the images. For example, features that are less bright 
will account for the underestimation of the features’ size, and features that are brighter 
will account for the overestimation of the features’ size. We were able to confirm that 
these features are Au25(GSH)18 nanoclusters based on MALDI mass spectrometry 
analysis of Au25(GSH)18 which shows the characteristic fragmented ion peaks of this 
nanocluster, and based on the distinct absorption profile of Au25 nanoclusters. The STEM 
images further confirm that the Au25 nanoclusters did not undergo structural change to 
form large particles in the synthesis of the chromophore-Au25 nanocluster oligomers. 
To properly identify the chromophore-Au25 nanocluster dimers in the STEM images, 
careful sample preparation was performed to disperse both the nanoclusters and the 
dimers. This is to ensure that the observed dimers are not due to aggregation of two 
nanoclusters when deposited on the holey carbon films. A distribution of the inter-cluster 
distances was analyzed for single Au25 nanoclusters to confirm that aggregation was 
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prevented. The inter-cluster distance distribution for the single Au25 STEM image was 
obtained only for the features that appear to be in close proximity to one another (Figure 
4.3e). The shortest inter-cluster distance found in the single Au25 nanocluster STEM 
image was 4.5 nm. The core-to-core distance of the chromophore-Au25 nanocluster dimer 
was estimated to be ~1.88 nm (Figure 4.6). The shortest inter-cluster distance observed in 
the single Au25 image is almost twice as large as the estimated core-to-core distance of 
the Au25 nanoclusters in the dimer. If we take into account small distortions in bond 
angles and lengths, the change of the core-to-core distance would be very small. The 
maximum inter-cluster distance is ~2.5 nm, when the geometric conformation of the 
dimer is planar which is unlikely. Therefore, the result of the inter-cluster distance 
analysis for the single Au25 STEM image confirms that the samples are dispersed well 
enough to avoid aggregation, and that the observation of inter-cluster distance smaller 
than 2 nm would be an indication of the presence of chromophore-Au25 nanocluster 
dimers. 
 
Figure 4.6. MM2 energy minimized structure at the Au-TBT-Au bridging site. The 
estimated distance between two Au25 nanoclusters (core-to-core) is 1.87 nm. 














labeled as follows: magenta – Au; yellow – S; grey – C; white – H. The ligands around 
the nanocluster are omitted for clarity. 
 
The STEM image of chromophore-Au25 nanocluster dimers is shown in Figure 4.5b. 
Highlighted in circles are some of the chromophore-Au25 nanocluster dimers that are 
observed across the deposited holy carbon film. The inter-cluster distance distribution 
was also obtained only for the features that appear to be in close proximity (Figure 4.5f). 
Inter-cluster distances between 1.8 and 2.6 nm are observed. Taking into consideration 
small bond angle and length distortions, the orientation of the dimer when deposited on 
the holey carbon film, and the features’ pixel resolution, the variation of the inter-cluster 
distances seem acceptable. As mentioned earlier, the largest inter-cluster distance would 
be 2.5 nm. The average inter-cluster distance observed in the chromophore-Au25 
nanocluster dimer image is about 2 times smaller than the smallest observed inter-cluster 
distance in the single Au25 nanocluster image, which is 4.5 nm. Therefore, the STEM 
images confirm that we have synthesized chromophore-Au25 nanocluster dimers because 
the inter-cluster distance is significantly smaller than that observed in single Au25 
nanoclusters, and is in good agreement with the calculated inter-cluster distance based on 
the molecular geometry of the dimer (Figure 4.6). 
Steady state absorption of chromophore-nanocluster oligomers. The absorption 
spectra of the chromophore-Au25 nanocluster oligomers are significantly different than 
the single Au25 nanocluster’s spectrum. Distinct absorption features of Au25(GSH)18 are 
observed at 400, 450, 500 and 670 nm due to a quantum confinement effect (Figure 
4.7).21,22,64 Note that surface plasmon resonance bands are not observed in the optical 
absorption spectra of the chromophore-Au25 nanocluster oligomers, which means that the 
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oligomers did not form large particles. When the different chromophore-Au25 nanocluster 
oligomers are separated from the mixture, band 1 shows the same absorption peaks at 
450, 500, 550, 670 and 770 nm as the Au25 nanocluster, indicating the presence of single 
Au25 nanocluster in the reaction product which are unreacted. This observation is in 
accordance with the conclusion drawn from the mass spectrum analysis. The absorption 
peaks at 450 and 500 nm are present in moving from single Au25 nanocluster to the 
chromophore-Au25 dimer (Figure 4.7). The larger oligomers, chromophore-Au25 
nanocluster trimer and band 4, show absorption in the same broad area but the peaks are 
less defined. Changing the plot to a photon energy scale (Figure 4.8) allows us to better 
visualize the two broad peaks of the nanocluster oligomers.  The optical absorption of 
Au25 nanoclusters is primarily due to intra-band and inter-band transitions from the 
atomic orbitals of the nanocluster’s icosahedral Au13 core and the six Au2S3 motifs.
19,23,65 
 





Figure 4.8. Absorption spectra of the Au25(GSH)18 nanocluster and of the nanocluster 
oligomers in the photon energy scale. Two broad absorption features are observed in the 
nanocluster oligomers. 
 
In a theoretical study of Au25-benzenedithiol-Au25 dimer, it was shown that the two 
linked Au25 nanoclusters do not disturb the electronic shell structure of each other.
45 The 
calculated energy gaps of a gas phase Au25(SMe)18 species and a gas phase Au25-
benzenedithiol-Au25 species remain the same in both species (1.24 eV and 1.25 eV 
respectively).45 The density of states are increased, according to the calculations, arising 
from the individual contribution of the two nanoclusters. For example, the single Au25 
nanocluster has 4 single-particle states in the LUMO and 6 states in the LUMO+1, 
whereas the Au25-benzenedithiolate-Au25 has 8 and 12 states in the LUMO and LUMO+1 
respectively.45 Thus, the observed absorption broadening of the ~450 nm peak of the 
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chromophore-Au25 nanocluster dimers compared to the narrower peak of the single 
cluster is due to the increased density of states of the dimer. The disappearance of the 
1.84 eV (670 nm) peak might be due to the broadening and red shift of the 2.24 eV peak. 
The contribution of each nanocluster’s unit to the increasing of density of states is also 
predicted in [Al13M3O]n superatom assemblies (the icosahedron Al13 nanoclusters are 
linked by the alkali M3O motif).
49 Although the energy levels of the [Al13M3O]n 
superatom assemblies are shifted, the energy gap also remained the same as in the case of 
the Au25-benzenedithiol-Au25 system.
49 According to this pattern, the chromophore-Au25 
nanocluster trimer and band 4 are expected to have higher density of states compared to 
the dimer. This might account for their absorption peaks being less defined. Future 
theoretical work on larger chromophore-Au25 nanocluster oligomers are needed to 
understand the optical properties of larger systems. Although metal nanoclusters are 
considered to be molecular-like in behavior, they are also considered superatom 
complexes due to their exceptional stability, precise composition and discrete energy 
levels that are analogous to noble-gas superatoms.18 The idea of Au25(GSH)18 
nanoclusters as superatoms aptly explains the absorption coupling of chromophore-Au25 
nanocluster oligomers. The formation of the chromophore-Au25 nanocluster oligomers is 
similar to the formation of molecules from atoms. Molecules exhibit broad spectral bands 
compared to atoms which exhibit narrow spectral lines. The narrower absorption bands of 
Au25 compared to the broader absorption bands of chromophore-Au25 dimer mirror the 
transition between atoms and molecules. Thus, the chromophore-Au25 nanocluster 
oligomers can be considered as supermolecules. 
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One major difference between the modeled Au25-benzenedithiol-Au25 dimer
45 and our 
Au25-thiodibenzenethiol-Au25 dimer is the molecular geometry of the linker. The 
benzenedithiolate has a planar geometry. The calculated structure of the Au25-
benzenedithiol-Au25 dimer shows an overall linear geometry.
45 On the other hand, our 
system Au25-thiodibenzenethiol-Au25 dimer has an overall bent geometry due to the 
central sulfur atom connecting the two benzene units (Figure 4.6). The bent geometry of 
our dimer system, and the fact that the central sulfur atom is electronegative, results in a 
net dipole moment that is larger than single Au25 nanoclusters. Therefore, we expect that 
our dimer system would exhibit different electronic properties compared to the modeled 
linear Au25-benzenedithiol-Au25 dimer system
45 and single Au25 nanoclusters. The 
transition dipole moment of a molecule is proportional to the molecule’s oscillator 
strength (probability of electronic transition) by equation 4.1:66 




2     (4.1) 
where fpq is the oscillator strength transition between two states, E is the energy gap, 
and dpq is the transition dipole moment. As mentioned earlier, theoretical calculations 
showed that the energy gap of linked nanocluster assemblies remain the same as the 
single nanocluster.45,49 The absorption spectrum of the chromophore-Au25 nanocluster 
dimer show the same energy gaps as those of single Au25 nanoclusters, therefore we can 
assume that the E term remains unchanged. In transitioning from the single Au25 to the 
chromophore-Au25 dimer, it is expected that the oscillator strength of the dimer would be 
greatly enhanced due to the dimer’s increase in dipole moment as a virtue of its bent 
molecular geometry. Indeed, we have estimated that the absorption coefficients of these 
oligomers increases with oligomer size, which indicates stronger electronic transition 
126 
 
(Figure 4.9). As mentioned earlier, the observed absorption peak broadening is related to 
the increase of the density of states in the chromophore-Au25 nanocluster dimer. This is 
related to the dimer’s dielectric constant (ϵ), which is influenced by the molecular 
geometry, by equation 2:67 
             ∈ (∆𝐸) =
2𝜋2
∆𝐸
𝑓𝑝𝑞𝑁𝑑(∆𝐸)         (4.2) 
where Nd is the number of density of states. These relationships suggest that by 
controlling the chromophore-Au25 nanocluster oligomer’s geometry through the linker, 
and by achieving larger nanocluster superatom assemblies, it is expected that larger 
oscillator strength and polarizability can be achieved with linked metal-chromophore 
nanoclusters systems. 
 
Figure 4.9. Estimated absorption coefficients of the chromophore-Au25 nanocluster 
oligomers.  
 
Steady state emission. Au25(GSH)18 nanoclusters and chromophore-Au25 nanocluster 
oligomers show emission bands at 685 and 713 nm, respectively (Figure 4.10A). This 
emission arises from the surface states of the nanoclusters and it is influenced by the type 
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of ligand used in the nanocluster’s synthesis.29,68–70 The emission of the chromophore-
Au25 nanocluster oligomers is ~27 nm red-shifted from that of the Au25(GSH)18 
nanoclusters. The origin of the near-IR emission is likely the collective response of each 
nanocluster in the oligomer since this emission arises from the core-to-surface energy 
transfer.68,71 However, this emission is significantly affected by different factors. It has 
been shown that the emission of Au25 nanoclusters with non-polar organic ligands is red-
shifted from the emission of Au25 with polar organic ligands such as glutathione.
29 
Therefore, the covalent linking of the non-polar organic chromophore TBT contributed to 
the emission red-shift of the chromophore-Au25 nanoclusters oligomers systems. In 
addition, the phenomenon aggregation-induced emission could also affect the emission of 
the nanocluster oligomers due to the close proximity between the nanocluster’s 
surfaces.72,73 
Based on theoretical calculations of other linked metal nanoclusters systems, the 
density of states of the metal nanoclusters increases with the subsequent addition of 
repeating units into the linked metal nanoclusters system.45,50 Because of the additional 
states per energy level, the lowest vibrational level in the excited S1 state lies lower in 
energy for the chromophore-Au25 nanocluster oligomers than for the single Au25 
nanoclusters, which contributes to the observed emission red-shift. This observation is 
also analogous to conjugated polymers with increasing repeating units, where the energy 
levels are lowered by the increasing delocalization of the π electrons.74 The emission 
wavelength red-shift between single Au25 and chromophore-Au25 oligomers suggests that 
the emission wavelength is tunable by strategically designing the chromophore-
nanocluster oligomer architecture. Additionally, the excitation spectra show a blue-shift 
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with increasing oligomer length (Figure 4.10B). As will be demonstrated shortly, higher 
energy excitation of the Au25 nanocluster does not result in emission. Therefore, the 
excitation spectra indicate that the contribution from the chromophore TBT becomes 
increasingly significant with increasing oligomer length, which suggests an energy 
transfer process from the chromophore to the nanocluster. 
 
Figure 4.10. (A) Steady state emission of Au25(GSH)18 and chromophore-nanocluster 
oligomers excited at 400 nm, and emission of TBT chromophore excited at 265 nm. (B) 
Excitation spectra of Au25(GSH)18 and chromophore-nanocluster oligomers, obtained 




The quantum yield of Au25(GSH)18 was calculated to be 1.8x10
-3. The nanocluster’s 
core is directly excited at 400 nm, which then undergoes two competing relaxation 
pathways, the radiative relaxation to the ground state and non-radiative relaxation to the 
semi-ring surface states which results in the red emission.68 Although the Au25 
nanoclusters are covalently attached through the chromophore TBT, direct excitation of 
the nanocluster’s core can be safely assumed to be independent between the two 
nanoclusters. Due to the shared chromophore between the Au25 nanoclusters in the dimer, 
the relaxation from both the nanocluster’s core states to a surface state, with 
characteristics of the shared chromophore, is expected to increase the near-IR emission 
quantum yield of the dimer system. Therefore, an emission quenching mechanism must 
be present in the system to decrease the emission quantum yield. One emission quenching 
mechanism is the Förster resonance energy transfer (FRET) which occurs when the inter-
molecular distance is less than ~8 nm.75,76 The core-to-core distance between the two 
Au25 nanoclusters in the chromophore-Au25 dimer was estimated to be 1.88 nm which is 
well within the FRET distance (Figure 4.6). The core-to-core separation is only slightly 
larger than the length of a single Au25 nanocluster, which means that the surfaces of the 
two nanoclusters are close enough for energy transfer to occur.77,78 Energy transfer 
between the two Au25 nanoclusters is also possible due to the spectral overlap between 
the near-IR emission and the lowest energy absorption transition at ~670 nm. The 
combined effects of enhanced emission by contribution from two nanoclusters’ core 
states to the surface state, and of emission quenching by energy transfer between the 
nanoclusters resulted in a net emission quantum yield close to the quantum yield for 
single Au25 nanoclusters. This suggests that by controlling the bridging chromophore’s 
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length and geometry, the quenching mechanism by energy transfer between the 
nanoclusters can be minimized while enhancing the fluorescence of the chromophore-
Au25 nanocluster oligomer system. 
Both the chromophore TBT and the Au25 nanocluster have high energy absorption 
transitions as seen previously in Figure 4.7, the Au25 nanocluster also shows lower energy 
absorptions. Upon excitation with a high energy wavelength, at 265 nm, the chromophore 
TBT shows an emission at 400 nm, but the Au25 nanocluster does not show emission 
(Figure 4.11A). However, when excited at 400 nm, the nanocluster shows an emission at 
700 nm. Therefore, it is possible for energy transfer to occur from the chromophore to the 
nanocluster in the chromophore-nanocluster oligomers. Indeed, when the chromophore-
nanocluster dimer is excited at 265 nm, two emissions can be observed (Figure 4.11B). 
The emission band at ~400 nm is due to the TBT in the nanocluster dimer system, and the 
emission band at ~700 nm is due to the nanoclusters. The result of the 700 nm emission 
of the dimer suggests an energy transfer process from the chromophore TBT to the 
nanocluster. This opens the possibility of achieving greater near-IR fluorescence 
enhancement if both the nanocluster’s core states and the chromophore can transfer 
energy to the nanocluster’s surface states. To rule out the possibility that the 700 nm 
emission in the dimer is caused by the excitation of the second harmonic of 265 nm (530 
nm), we performed excitation scans with and without a filter to cut off the 530 nm 
(Figure 4.12). The excitation scans show a maximum at 400 nm, and the intensity 
decreases towards 265 nm. Therefore, the emission of the nanocluster at 700 nm is due to 




Figure 4.11. Emission of Au25 nanocluster excited at 265 and 400 nm (A), and emission 




Figure 4.12. Excitation scan of the chromophore-Au25 nanocluster dimer performed with 
and without a filter (~500-600 nm). 
 
Two-photon excited emission. Two-photon excited (TPE) emissions of the 
chromophore-nanocluster oligomers were measured using a mode-locked Ti:sapphire 
laser with 50 fs pulses. The emissions were recorded with 800 nm excitation. TPE 
emission further reveals the nanocluster’s core emission at 500 nm which is not seen in 
one-photon excited emission (Figure 4.13). The 500 nm emission has a very short 
lifetime and quantum yield but can be detected by ultrafast spectroscopic techniques.19,22 
The core emission is the same for all systems, which suggests that the core electronic 
structure is affected minimally by the linking between nanoclusters. An emission red-
shift of ~25 nm is observed in the near-IR of the TPE fluorescence of the chromophore-
Au25 nanoclusters oligomers, consistent with the red-shift observed in the steady state 
fluorescence. The intensity-dependence of the emission bands at 500 nm and 681 nm is 
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linear with a slope of ~2 which indicates that they are indeed two-photon excited 
emissions (Figure 4.14). 
 
Figure 4.13. Two-photon excited emission of Au25(GSH)18 and chromophore-Au25 
oligomers, excited at 800 nm, and TBT chromophore excited at 600 nm. 
 
  
Figure 4.14. Intensity-dependence plot of chromophore-Au25 nanoclusters oligomers at 
500 nm and 681 nm emission. 
 
The TPA cross sections of the chromophore-Au25 nanocluster oligomers were 
calculated based on the intensity-dependence at 681 nm emission and referenced to 
 



























































rhodamine B (σ = 150 GM at 800 nm).79 The TPA cross sections of the chromophore-
Au25 nanocluster oligomers were compared to the cross section of single Au25 
nanoclusters which has a value of 427,000 GM at 800 nm excitation (Table 4.1).22,80 The 
TPA cross section shows a steady enhancement in transitioning from Au25 to ~6-mer, up 
to 68 times. The enhancement of TPA cross sections in larger chromophore-Au25 
nanocluster oligomers could indicate that there is a local field enhancement around the 
Au25 nanocluster since the core-to-core distance between the nanoclusters are about 1.88 
nm which is approximately the length of one nanocluster. The two-photon absorption 
process is a third order non-linear effect which is affected by the third order polarizability 
(equation 4.3), where μnm is the transition dipole between states n and m, Ei0 is the energy 
difference between the excited state and ground state, and Гi0 is a damping constant when 







       (4.3) 
 
Table 4.1. Two-photon absorption cross sections and action cross sections of 
chromophore-Au25 nanocluster oligomers. 





Au25 1 700 1.8 x 10
-3 
Dimer 4 713 2.2 x 10-3 
Trimer 26 713 4.1 x 10-5 
Band 4 68.5 724 3.2 x 10-5 
 
The 1.88 nm core-to-core separation between the nanoclusters corresponds to the size 
of one nanocluster, approximately, which means that at the surface of the nanoclusters, 
the ligands are close enough to exert Van der Waals and dipole (through the GSH’s polar 
functional groups) interactions between the two nanoclusters. The Au25 nanocluster is a 
negatively charged species (-1), with the charge localized at the core.82 Therefore, to 
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account for the TPA cross section enhancement, the dipole interaction at the surface of 
the nanocluster must induce a local field enhancement. The local field enhancement 
around the Au25 nanoclusters is the enhancement of the nanocluster’s dipole μnm, thus 
increasing the polarizability of the nanocluster. Note that the chromophore TBT has a 
bent molecular geometry and an electronegative sulfur atom, thus it is expected that the 
net dipole of TBT also enhances the polarizability of the covalently bonded nanoclusters 
compared to the single Au25 nanocluster in the ground state. This change between the 
dipole moment in the ground state and the excited state increases the transition dipole 
moment. In transitioning from the single Au25 nanocluster to the chromophore-Au25 ~6-
mer, the enhanced two photon absorption suggests that there is a collective contribution 
from each repeating unit to the large dipole of the chromophore-Au25 oligomer system. 
We have observed similar TPA enhancement in Au25 nanoclusters films compared to 
solution, and in single isolated Au25 nanoclusters on a glass substrate compared to 
solution.27,64 A ten-fold enhancement was observed in solid state Au25 nanoclusters and a 
64% enhancement was observed in single isolated Au25 nanoclusters. The highest 
enhancement observed in the chromophore-Au25 nanocluster oligomer is ~68 times. From 
these results, it is expected that by synthesizing larger chromophore-Au25 nanocluster 
oligomers, larger TPA enhancement can be achieved. Our results also suggest that the 
chromophore’s dipole can also be tailored (such as incorporating more electronegative 
atoms) to achieve larger TPA enhancement. 
Time-resolved fluorescence of chromophore-Au25 nanocluster oligomers. The 
fluorescence dynamics of the nanocluster’s core excited state in the chromophore-
nanocluster dimer was investigated by the femtosecond fluorescence up-conversion 
136 
 
technique. The fluorescence decay traces were fitted with a function, F(t), of one 
exponential component, convoluted with the instrument’s response function, g(t), or IRF 
(equation 4.4 and 4.5).68 In these equations, nis the decay lifetime, an is the amplitude, 
and am is the infinitely long lifetime amplitude background. 
𝐹(𝑡) =  ∫ 𝑓(𝑡) − 𝑡′𝑔(𝑡′)d𝑡′
𝑡𝑓
𝑡0
         (4.4) 
𝑓(𝑡) =  ∑ 𝑎𝑛 exp (
−𝑡
𝜏𝑛
)𝑚𝑛=1 + 𝑎𝑚+1      (4.5) 
The 800 nm output was frequency-doubled to 400 nm to directly excite the Au25 core. 
The lifetimes of the core states emission at 510 nm were fitted with a single exponential 
decay convoluted with the IRF. The Au25(SR)18 nanocluster is known to have two 
emissions, one in the visible spectrum (500 nm) and one in the near-IR spectrum (~700-
900 nm).21,29,68 The fluorescence decay lifetime at 500 nm for single Au25 nanoclusters is 
250 fs and for the chromophore-Au25 nanocluster dimer is 180 fs (Figure 4.15). The same 
fluorescence decay lifetime from the core states has been observed in Au25 nanoclusters 
previously.21,68 In contrast to Au25 nanoclusters, large plasmonic nanoparticles decay 
lifetime is ~50 fs due to the fast Auger recombination.83,84 Therefore, the chromophore-
nanocluster dimer still maintains the properties of nanoclusters and not that of large 
nanoparticles. The shorter core emissive state lifetime indicates a faster non-radiative 
relaxation to the surface states, and that the Au25 nanocluster has a larger transition dipole 




Figure 4.15. Time-resolved fluorescence at 500 nm of Au25(GSH)18 and chromophore-
Au25 nanocluster dimer. 
 
The presence of TBT may have increased the non-radiative relaxation rate from the 
core states to the surface states, which is the competitive deactivation mechanism to the 
core’s radiative relaxation. A look at the molecular picture of the chromophore-Au25 
nanocluster dimer system in Figure 4.6 reveals that the covalent bonds between the atoms 
C1-S1, C2-S2-C2, and C3-S3 are bonds that can be rotated. However, the rotation may 
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be restricted to some degree due to the “bulky” Au25 nanocluster and the ligands (which 
are omitted for clarity) to minimize steric hindrance. Due to the fixed conformation of the 
chromophore between the two nanoclusters, vibronic relaxation becomes more significant 
in the dimer system than in the single nanocluster system. Therefore, it is most likely that 
the excited nanocluster’s core relaxes through the vibrations along the bonds of the 
attached chromophore TBT. The shortening in the core’s excited state lifetime indicates 
that the rate of vibronic relaxation is faster than radiative relaxation when compared to 
single Au25 nanoclusters. In the single nanocluster system, the ligand’s backbone and the 
Au-SR bonds can rotate freely. The only restriction to their bond rotation would be to 
minimize static repulsion between adjacent ligands on the nanocluster’s surface. The 
competitive deactivation mechanism through vibration to the surface states would allow 
the dimer’s surface states to have longer excited state lifetime compared to single Au25 
nanoclusters. However, as mentioned in a previous section, a quenching mechanism is 
present that competes with the surface states emission, which accounts for the decrease in 
the emission quantum yield. As discussed in the next section, the transient absorption 
experiment reveals that the surface states indeed are long-lived in the dimer system 
compared to single Au25 nanoclusters. 
Another factor contributing to the shortening of the nanocluster’s core excited state 
lifetime is the change in the nanocluster’s transition dipole moment. The fluorescence 
lifetime f is a measure of the duration of a molecule in the excited state, and is inversely 
proportional to the radiative and non-radiative rate constants, kr and knr, respectively.
85 In 
accordance with the Strickler-Berg equation, the radiative rate constant is proportional to 
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the oscillator strength of a molecule.86,87 Therefore, the radiative lifetime of a molecule is 
inversely proportional to the transition dipole moment. 
Based on the TPA enhancement, we have suggested that the transition dipole moment 
of Au25 in chromophore-Au25 nanocluster dimer is larger than that of single Au25 
nanocluster. Therefore, the shortening of the excited state lifetime is due to the increase 
in the transition dipole moment of the chromophore-Au25 nanocluster dimers compared to 
the single Au25 nanoclusters. Similar correlation between transition dipole and 
fluorescence lifetime has been observed in naphthylmethylene malononitriles and certain 
fluorophores85,87,88 Another example is the shortening of emission lifetime of attached 
fluorophores due to energy transfer to a plasmonic metal nanoparticle with large dipole 
moment, generating a non-fluorescent state, the “dark states”.89,90 
The increase of transition dipole moment combined with the competitive non-
radiative relaxation from the core to the surface states contributed to the shortening of the 
nanocluster’s core excited state lifetime. However the change is rather small considering 
that large TPA enhancement can be achieved in the chromophore-Au25 nanocluster 
oligomer systems. Additionally, enhancing the relaxation from the core states to the 
surface states may be potentially beneficial because the surface state emission has proven 
to be useful in sensing and imaging applications.80,91 
Femtosecond transient absorption of the chromophore-Au25 dimer system. In 
addition to time-resolved fluorescence dynamic measurements, transient absorption 
analysis was performed to investigate excited states which are not seen in fluorescence 
dynamic measurements. A global analysis of the transient absorption spectra of 
Au25(GSH)18 and of the chromophore-Au25 nanocluster dimer shows two distinct kinetic 
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components (Figure 4.16). The global analysis allows us to observe the wavelength-
dependence of the decay components (equation 4.6).82 The lifetimes, n, are wavelength-
independent, while the amplitude, cn, is wavelength-dependent. The transient absorption 
spectra for both systems evolve into a long-lived excited state absorption (ESA) which is 
more dominant at approximately 600 nm. Similar global kinetic has been observed in 
Au25(SR)18 nanoclusters.
82,92 Upon direct excitation of the nanocluster’s core, the 
Au25(SR)18 nanocluster is shown to relax in 1.2 ps from the core states to the surface 
states.92 A comparison between the single Au25 nanocluster and the dimer system shows 
that the dimer system has longer core and surface excited state lifetimes (Figure 4.16). 
Additionally, the long-lived state is strongly dominated by photoinduced absorption in 
the dimer system centered at ~600 nm. With excitation in excess of the HOMO-LUMO, 
the 600 nm probe is found to monitor the surface excited states.26,82,92 Therefore, the 
chromophore-Au25 nanocluster dimer has a long-lived surface state. 
∆𝐴 (𝜆) =  ∑ 𝑐𝑛(𝜆)exp [−
𝑡
𝜏𝑛




Figure 4.16. Global analysis of the Au25(GSH)18 nanocluster and of the chromophore-
Au25 nanocluster dimer, excited at 410 nm. 
 
The representative transient kinetics of Au25(GSH)18 and of the chromophore-
nanocluster dimer are shown in Figure 4.17. Direct excitation of the core states at 410 nm 
allows us to observe the excited state dynamics of the core and its subsequent relaxation 
to the ligand-surface states.26,82,92 The chromophore-nanocluster dimer has excited states 
that do not decay within the measurement window of the instrument (1 ns). Since the 




Figure 4.17. Representative transient absorption kinetics of Au25(GSH)18
- and the 
dimer system at 500 nm and 600 nm, excited at 410 nm. 
 
contributions from two nanoclusters’ excited core states to the surface states extend the 
surface state lifetime. As mentioned in a previous section, the emission quantum yield is 
lowered compared to single Au25 nanoclusters. This means that by controlling the inter-
cluster distance through the linker, it will be possible to minimize re-absorption of the 
fluorescence of the nanoclusters. The long excited state lifetime of the chromophore-Au25 
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nanocluster dimer system indicates that networks of metal nanoclusters can be useful in 
light-harvesting and photodynamic therapy applications, where avoiding electron-hole 
recombination is important so that it may be converted to useful energy or used to 
generate reactive oxygen species. 
4.6 Conclusion 
We were able to synthesize chromophore-Au25 nanocluster oligomers by ligand 
exchange with the dithiol ligand 4,4’-thiodibenzenedithiol (TBT). Dimers, trimers, ~6-
mers, and unreacted single Au25 nanoclusters were separated from the reaction mixture by 
gel electrophoresis and characterized by MALDI mass spectrometry and STEM imaging. 
Based on the characterization results, we have synthesized a chromophore-Au25 
nanocluster dimer as the major product. These chromophore-Au25 nanocluster oligomers 
exhibited increased transition dipole moments, oscillator strength and polarizability 
compared to the single Au25 nanoclusters. The two-photon absorption cross sections were 
enhanced with increasing oligomer length. Up to 68 times enhancement was found 
compared to the cross section of single Au25 nanoclusters. The increased dipole moment 
and polarizability of these systems compared to single Au25 nanoclusters is due to the 
bent molecular geometry around the central electronegative sulfur atom of the 
chromophore connecting the nanoclusters. Due to the functionalization of the TBT to the 
nanoclusters, the chromophore-Au25 nanocluster dimer showed energy transfer from the 
excited states of TBT to the surface states of the nanocluster (Figure 4.18). Excitation at 
265 nm did not show emission from the single Au25 nanoclusters due to the high density 
of the Au’s sp bands at higher energy levels, through which the excited state can decay 
by a non-radiative pathway. This shows that specific energy transitions of the 
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chromophore and the nanocluster can be coupled. For example, one can instead design a 
system where both the chromophore and the nanocluster’s core states can transfer energy 
to the surface state, thus enhancing the near-IR fluorescence emission. 
Since the surface states of the nanoclusters in the dimer system has the shared 
chromophore’s orbital character from the sulfur atom, excitation to the lower energy of 
the Au’s sp bands showed energy transfer to the surface states which have a long excited 
state lifetime. The long lifetime is due to the contribution by two nanocluster cores, as the 
Au25-chromophore-Au25 are covalently connected. This again suggests that the near-IR 
fluorescence efficiency of the dimer system is enhanced. In short, the energy transfer 
from the chromophore and from the cluster’s core states enhance the near-IR emission of 
the chromophore-Au25 nanocluster oligomers. However, fluorescence quenching is 
observed in the systems studied because of the dipole interaction at the surface of the 
nanoclusters which are within the FRET distance. Enhancing the energy transfer and 
emission while minimizing quenching is important for applications involving light-
harvesting, sensing and photodynamic therapy.15,93,94 The fluorescence quenching event 
happens after the radiative decay of the surface states by FRET, as the surface states’ 
lifetime is significantly longer than that of single Au25 nanoclusters. Therefore, we 
suggest that in designing large networks based on metal nanoclusters and chromophores, 
controlling the linker’s size, molecular geometry, composition (e.g. extended π 
conjugation), and the type of metal nanocluster can achieve the desired optical properties 
for specific applications. Moreover, the collective properties of the metal nanoclusters 
and chromophores in a large network would be enhanced compared to the individual 
constituents. Additionally, this enhancement is proportional to the size of the network. 
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Therefore, networks of metal nanoclusters will find use in a wide range of applications, 
such as improved environmental sensing, photodynamic therapy, imaging, optics and 
light-harvesting, to name a few. 
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Efficient Singlet Oxygen Generation in Metal Nanoclusters for Two-Photon 
Photodynamic Therapy Applications 
 
 
5.1 Original Publication Information 
This chapter was published as the following document:  
Ho-Wu, R.; Yau, S. H.; Goodson III, T. “Efficient Singlet Oxygen Generation in Metal 
Nanoclusters for Two-Photon Photodynamic Therapy Applications” Journal of Physical 
Chemistry B, 2017, 121, 10073-10080. 
 
5.2 Abstract 
The generation of singlet oxygen (1O2) has been established as the principal 
mechanism of photodynamic therapy (PDT). Various dyes, metal nanoparticles and 
clusters have been shown to sensitize 1O2. However, metal nanoclusters are even more 
promising candidates as photosensitizers for this purpose. By understanding the optical 
properties that lead to efficient 1O2 generation, one can fully realize their potential as 
PDT photosensitizers. Three different metal nanoclusters, Au25, Ag32, and Au144, are 
investigated for 1O2 their generation efficiency. The Au144 showed 
1O2 generation rate 
that is two orders of magnitude higher than Au25 and Ag32, and several orders of 
magnitude higher than nanoparticles (>5 nm) due to Au144’s high absorption cross 
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section-to-volume ratio. The effectiveness of PDT in live cells with nanoclusters was 
demonstrated by two-photon excitation compared to one-photon excitation. The 
implication of these results points towards new efficient two-photon 1O2 sensitizers for 
photodynamic therapy. 
5.3 Introduction 
 Nanoscale materials have shown great potential in medicine and will play a 
significant role in treatments and medical devices, such as drug delivery and bio-imaging 
agents.1–4 Existing nanomaterials that are used for biomedicine are complex systems, 
requiring multiple components for practical applications and many have shown to be 
toxic by triggering auto immune response.5–8 Therefore, exploring alternative 
nanomaterials for medicinal application is of great interest. One particular application of 
nanomaterials in medicine is photodynamic therapy.  
Photodynamic therapy (PDT) is a procedure in which tumor cells are loaded with 
photosensitizers which triggers the generation of reactive oxygen species (ROS) upon 
light excitation (Figure 5.1).9 The precise targeting of the photosensitizer makes PDT a 
spatially resolved and selective method for cancer treatment. There are two pathways in 
which ROS are generated. The photosensitizer is first excited from the ground state to a 
triplet excited state. The triplet excited state can transfer electrons to molecular oxygen to 
generate free radicals (type I) or it can transfer its energy to a ground state triplet oxygen 
to generate excited state singlet oxygen (type II).9 Detection and quantification of ROS 
have been usually done with fluorescent probes or ROS scavengers.10 Photodynamic 
therapy treatment can result in several pathways of cell death. The major cell death 
mechanisms are apoptosis, autophagy and necrosis.9 Selective targeting of 
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photosensitizers in photodynamic treatment is, therefore, important in order to trigger cell 
death in tumor cells. The mitochondria, lysosome, and nucleus have been the subcellular 
targets for photodynamic therapy.9,11 In general, singlet oxygen is the primary cytotoxic 
agent in photodynamic therapy, though other reactive oxygen species can also contribute 
to some extent in triggering cell death.12 Due to the selective cellular uptake of 
photosensitizers and light irradiation over a defined area, photodynamic therapy allows a 
higher degree of control over cell death, thereby protecting healthy tissues from the 
treatment. 
 
Figure 5.1. Pathways to reactive oxygen species (ROS) generation by excitation of a 
photosensitizer.9 
 
The use of metal nanoparticles for PDT takes advantage of the nanoparticle’s surface 
plasmon resonance (SPR).2,13,14 Compared to organic dyes, the absorption coefficient of 
metal nanoparticles is about 5 order of magnitudes larger, which presents the advantage 
of using lower laser energy to trigger PDT without damaging nearby healthy cells.15 The 
SPR of the nanoparticle is usually tailored to ~800 nm wavelength for tissue 
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penetration.16 However, the 1O2 yield is very low, and they are best used for enhancing 
organic dye photosensitizers.2,15,17 The advantage of using metal nanoparticles tandem 
with organic dye photosensitizers is to enhance the triplet excited state formation, and 
more importantly, to act as drug delivery agents due to the poor solubility and tumor cell 
targeting of organic photosensitizers.18 Although metal nanoparticles do not 
photosensitize singlet oxygen in appreciable amounts, an exception has been observed in 
TiO2 nanoparticles which can generate radical oxygen species by UV excitation.
19 
However, it is more desirable to perform photodynamic therapy with near-IR excitation 
due to deep tissue penetration. In addition, UV excitation is non-selective which causes 
damage to healthy tissues as well. These limitations hinder the use of TiO2 in 
photodynamic therapy. 
Metal nanoclusters, on the other hand, are less than 2 nm in size and do not have SPR, 
but rather, they exhibit discrete optical transitions.20–22 Due to the high photo-stability and 
absorption cross sections, small metal clusters are ideal for deeper penetration in the 
cells, higher loading without long-term toxicity and precise targeting.23–25 Unlike 
nanoparticles, the nanoclusters are emissive which eliminates the use of a dye for 
imaging.26,27 More importantly, they have long-lived triplet excited states, which makes 
them reactive with triplet ground state oxygen to form singlet excited state oxygen.9,28 
Au25(SR)18 nanoclusters is the most researched nanocluster due to its high stability.
20,29,30 
In addition to its stability, GSH-based Au25 nanoclusters have demonstrated to be non-
toxic and can be eliminated from the biological system within 28 days, whereas 
plasmonic gold nanoparticles (~15 nm) can accumulate in the liver and spleen.31 
Therefore, in recent years, metal nanoclusters of different sizes and ligands have been 
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researched for singlet oxygen generation efficiency.32–35 However, it is not well 
understood what makes certain nanoclusters more efficient at singlet oxygen generation 
than others. In this report, three different nanoclusters, Au25, Ag32 and Au144, are 
examined for their singlet oxygen generation efficiency. The nanoclusters are compared 
to plasmonic nanoparticles to provide an explanation for their high singlet oxygen 
generation. 
5.4 Experimental 
Materials. Chemicals and solvents were used as received. HAuCl4·3H2O, L-glutathione 
(GSH) reduced, hexanethiol, tetraoctyl ammonium bromide (TOABr) and 1,3-
diphenylisobenzofuran (DPBF) were purchased from Sigma-Aldrich. NaBH4 was from 
Merck Millipore. NIH/3T3 mouse fibroblast cells were from ATCC. Fetal bovine serum 
(FBS) and streptomycin were from Life Technologies. Dulbecco’s Modified Eagle 
Medium (DMEM) was from Corning. 
Au25(GSH)18 and Au144(C6H13S)60 nanoclusters synthesis. The synthesis of the gold 
nanoclusters were performed according to published procedures.36,37 
To synthesize Au25 nanoclusters, a solution of HAuCl4·3H2O (170 mg, 0.5 mmol) was 
prepared in 100 mL of methanol and was cooled in an ice bath for 15 min. GSH 
(C10H17N3O6S) (614 mg, 2 mmol) was added to the cooled solution and stirred for 30 
min. During this time, the solution turned from yellow to colorless, which indicates the 
formation of Au(I)−SG. A freshly prepared NaBH4 (189 mg, 5 mmol) aqueous solution 
(25 mL) was then added to the mixture and allowed to stir for 1 h. The final solution 
turned dark brown. The nanocluster mixture was washed with methanol to remove excess 
reagents. The mixture was then redissolved in nanopure H2O and incubated with excess 
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GSH at 55°C for 3 h. The precipitate from the reaction was discarded. Au25(GSH)18 
nanoclusters were precipitated from the solution by addition of methanol. Absorption 
spectrum of the Au25(GSH)18 showed absorption at 450, 500, and 670 nm which indicates 
the purity of the sample. 
To synthesize Au144 nanoclusters, a solution of HAuCl4·3H2O (118 mg) and TOABr 
(190 mg) was prepared in 15 mL of methanol and stirred for 15 min, turning from yellow 
to red. Then, hexanethiol (0.226 mL) was added to the solution and stirred for 15 min, 
turning into a colorless solution. A freshly prepared NaBH4 solution (113 mg in 6 mL 
cold H2O) was rapidly added to the reaction mixture and stirred overnight. The 
nanocluster precipitate was collected and washed with methanol. Au144 nanocluster was 
extracted from the mixture with CH2Cl2. 
Ag32 nanocluster synthesis. The Ag32 nanoclusters were provided by Prof. Bigioni lab. 
Briefly, a 1:4 molar ratio of AgNO3 and glutathione solution was allowed to react until a 
white suspension of Ag-glutathionate is formed. The mixture was then cooled in an ice 
bath for 30 min and reduced with NaBH4 to yield a dark brown solution. The product was 
precipitated with methanol and subjected to polyacrylamide gel electrophoresis for size 
separation. The Ag32 nanocluster was extracted from the third band of the gel.
38,39 
Singlet oxygen generation and detection. A cw laser of 532 nm is generated with 
Millennia Pro (Spectra-Physics) to photo-excite the nanoclusters. The laser intensity was 
regulated with a neutral density filter. Absorption and emission spectra were recorded 
after photo-excitation of the nanoclusters. A typical solution used in the experiments 
contained 1.37 x 10-6 M nanoclusters and 6.15 x 10-5 M DPBF. All solutions are prepared 
in ethanol. UV-vis absorption spectra were recorded with Agilent 8453 
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spectrophotometer over 200 – 1200 nm. Fluorescence emission spectra were recorded 
with Fluoromax-2 spectrophotometer. The samples were loaded in quartz cuvettes and 
the excitation path length was 1 cm. The concentration of DPBF was calculated from the 
absorption spectrum. 
Cell culture and fluorescence microscopy. NIH/3T3 mouse fibroblast cells were 
cultured in a working medium consisting of 90% DMEM, 10% FBS and 1% 
streptomycin. Au25(GSH)18 nanoclusters solutions were prepared using the same medium 
at 400, 200, and 100 µg/mL loading. The nanoclusters were incubated for 24 hours in the 
cells. The cells were deposited in a 35 mm glass bottom dish from MatTek. The working 
medium was removed and replaced with tris buffer for imaging experiments. The images 
were taken with the Leica Inverted SP5X Confocal Microscope System equipped with 
two-photon fluorescence lifetime imaging (2P-FLIM). Avalanche diode detectors were 
used to collect the images. For excitation, a 405-nm diode and a Spectra-Physics Mai-Tai 
two-photon tunable laser (800 nm) was used. 
5.5 Results and Discussion  
Small metal nanoclusters have a large optical window in the visible wavelengths 
which eliminates the need to tailor their size to match the excitation wavelength such as 
the case of plasmonic particles (Figure 5.2). Singlet oxygen generated from PDT can be 
detected by its emission in the near-IR but this direct method of quantifying singlet 
oxygen generation by nanoclusters is not ideal due to the spectral overlap with the 
emission of the nanoclusters.40 Therefore, an indirect method was used to quantify singlet 
oxygen generation. Certain fluorescent dyes are reactive towards singlet oxygen, such as 
1,3-diphenylisobenzofuran (DPBF), which forms endoperoxides and can be used as 
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fluorescent organic traps.10 DPBF has a strong absorption at 412 nm and its absorption 
change can be used to quantify the singlet oxygen generation (Figure 5.2). DPBF has a 
strong absorption at 412 nm and its absorption change can be used to quantify the singlet 
oxygen generation. Both systems can be excited simultaneously to generate and detect 
singlet oxygen. However, irradiation at 400 nm with femtosecond pulses may result in 
the photo-degradation of DPBF.41 Therefore, the generation of singlet oxygen can be 
triggered by excitation of the nanoclusters at 532 nm or longer wavelengths that 
correspond to the biological optical window for tissue penetration. 
There are several factors that one must consider in using the indirect method for 
quantifying singlet oxygen generation. The change in the probe DPBF’s absorption or 
emission should be due to the chemical reaction between DPBF and singlet oxygen. 
DPBF has an affinity towards reacting with singlet oxygen and radical triplet oxygen, O2
·-
, among the reactive oxygen species.10,42,43 However, Au25(Capt)18
- nanoclusters have 
been shown to generate only singlet oxygen as the reactive oxygen species.40 
Additionally, we may assume that the rate of DPBF reacting with singlet oxygen is faster 
than the rate of singlet oxygen generation by the nanoclusters. Indeed, Au25(Capt)18
- 
nanoclusters demonstrated higher singlet oxygen generation rate compared to the 
conventional dye photosensitizer, new methylene blue (NMB), by measuring the 
concentration change of DPBF upon photo-excitation.40 Kawasaki et al have also 
demonstrated that the DPBF concentration change is not due to the thermal effects 
associated with the excited nanoclusters. Therefore, DPBF is used in this study to 
compare the rate of singlet oxygen generation by three different metal nanoclusters, Au25, 






Figure 5.2. Absorption of nanoclusters+DPBF mixture solution excited with a 532 nm 
cw laser at 4.0x103 mW/cm2 (A, C, E). Change in DPBF concentration over time 
indicates the rate of 1O2 generation (B, D, F). 
 
It is clear that the Au144 nanocluster has a very high 
1O2 generation rate (Figure 5.2A, 
2B). After just 5 min, the change in the DPBF concentration has become smaller as the 
amount of 1O2 starts to deplete. At longer exposure time (>15 min), the DPBF 
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concentration change is small and the absorption spectrum is dominated by the absorption 
of the nanoclusters, indicating that the concentration of 1O2 and DPBF are too low for a 
reliable detection. For a more sensitive method to quantify low concentrations of 1O2, one 
may monitor the fluorescence change of DPBF instead. However, for the purpose of 
obtaining the 1O2 generation rate and comparing the rate between the different 
nanoclusters, we probed the initial rate of 1O2 generation. 
Table 5.1. Singlet oxygen generation rate by metal nanoclusters and comparison to 























NMB 5 x 104 / 630 (49) 
1x107 
0.05 ref 36 
Au 40-nm 8 x 109 / 506 (50) 
1x107  
10-6 (quantum yield)41 
 
The Au25 and Ag32 nanoclusters, on the other hand, generated 
1O2 at a much slower 
rate compared to the Au144 (Figure 5.2 C-F). The change in the absorption of DPBF was 
monitored over time at 400 nm (logε = 4.3 M-1 cm-1).44 The rate of 1O2 generation was 
obtained by the initial DPBF concentration change over time (Δ[DPBF]/Δt, which is the 
initial slope) divided by the concentration of the nanoclusters (Table 5.1). The Au144 has a 
rate of 1O2 generation that is 2 orders of magnitude higher compared to Au25 and Ag32. 
When compared to the conventional dye photosensitizer, NMB, Au25 nanoclusters have 
164 
 
been shown to have 1.4x higher 1O2 quantum yield.
40 Although plasmonic nanoparticles 
have been shown to also sensitize the formation of 1O2, the quantum yield is several 
orders of magnitude lower compared to photosensitizer dyes and metal nanoclusters.17,45 
Metal nanoparticles are best suited for photothermal therapy, instead, or as an enhancer 
for organic photosensitizers.46,47 The high 1O2 yield by metal nanoclusters has been 
attributed to the existence of a long-lived triplet excited state in metal nanoclusters.20,21 
The Au25 and Ag32 nanoclusters have very similar excited state lifetimes, which may 
account for their similar singlet oxygen generation rate.38 The Au144 nanocluster, on the 
other hand, besides exhibiting quantum confinement characteristics like the smaller 
nanoclusters, also has core-localized plasmon resonant.48,49 
Au25 has shown to be a better 
1O2 photosensitizer than NMB and nanoparticles which 
is due to the nanocluster’s long-lived triplet excited state.17,40,45,55 However, the triplet 
excited state lifetime for NMB is longer than those of Au25 and Ag32 which in turn are 
longer than that for Au144.
49,55,56  It’s been suggested that the higher 1O2 generation rate 
by Au25 compared to NMB is due to the very high triplet formation quantum yield (87%) 
of Au25.
40,57 In other words, population to the triplet excited states is a more significant 
factor than the triplet excited state lifetimes. The superior 1O2 generation rate by Au144, 
therefore, could be an indication that the Au144 has higher triplet excited state population. 
The Au144 nanocluster has been shown to have a core-localized plasmon resonance 
(CLPR) whose excitation frequency is also the same as that for the Au144 nanocluster’s 
surface ligand states which are the triplet states.49,56,58 This is not the case for the smaller 
nanoclusters whose triplet states are accessed by inter-system crossing when excited at 
the core.38,59 Thus, the population to the triplet excited states of Au144 is promoted by 
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direct excitation and CLPR energy transfer within the nanocluster (Figure 5.3). Plasmon-
enhanced emission of dyes by resonant energy transfer is a well-known process for dyes 
at certain distances from plasmonic nanostructures.60 
 
Figure 5.3. Energy diagram of the photosensitization of singlet oxygen by Au144 
nanocluster. 
 
Besides triplet formation quantum yield, it would be helpful to have an additional 
parameter that can correlate with the 1O2 production rate. For nanoparticles, it is possible 
to relate their size or dimension to their optical properties.61 The SPR of nanoparticles is 
known to have linear absorption coefficients that are orders of magnitude larger than 
typical dye photosensitizers and nanoclusters.15 However, such high absorption cross-
sections also come with high thermal effects which may result in non-selective cell 
damage.2,62 A nanoparticle’s temperature under pulsed laser irradiation can be modelled 
as a simple heat exchange process as given in equation 5.1, where V is the nanoparticle’s 
volume (V = 4/3 πr3), ρ is the density of gold (19.32 x 10
3 kg/m3), c is the heat capacity of 
gold (129 J/kg·K) and TNS is the maximum temperature for a single excitation pulse 
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which can be written as equation 5.2, where I and f are the laser intensity and frequency, 
respectively.61 Therefore, the maximum temperature is dependent on the nanoparticles’ 
absorption cross sections and volumes, which are known to follow a linear dependence 
(Figure 5.4). Using this same analysis for metal nanoclusters, we find that Au144 and Ag44 
have similar absorption cross section-to-volume (A/V) ratio (107 m-1) as that of 
plasmonic nanoparticles and NMB (Figure 5.4). In turn, Au25 and Ag32 have lower A/V 
(106 m-1). To ensure that the change in DPBF concentration was due to reaction with 1O2, 
experiments under air-free condition were carried out to rule out thermal effects from the 
nanoclusters (Figure 5.5). 
                                                  𝜀0 = 𝑉𝜌𝐴𝑢𝑐𝐴𝑢𝑇𝑁𝑆
0                                                      (5.1) 




                                                        (5.2) 
 
Figure 5.4. Calculated absorption-to-volume ratio for a series of gold plasmonic 
nanoparticle sizes and 4 selected metal nanoclusters. 
 
 














































Figure 5.5. Emission of DPBF over time in Au25 + DPBF and Au144 + DPBF solutions in 
air and purged with N2. 
 
A summary of the photosensitizers’ properties is presented in Scheme 5.1. As 
mentioned earlier, the triplet excited state population is a more important factor for 1O2 
generation, and we suggest that the Au144 nanocluster has a higher triplet excited state 
population. The high A/V of the Au144 indicates that this nanocluster has a higher aspect 
ratio for photons absorption which promotes the triplet excited state population. Based on 
the above analysis, we suggest that a combination of properties is necessary for high 1O2 
production rate; specifically, high A/V and high triplet excited state population. Silver 
nanoclusters have been shown to have enhanced optical properties compared to gold 
nanoclusters, but due to their lower shelf life (colloidal stability), silver nanoclusters have 
yet to receive the same attention as gold nanoclusters for applications.38,52,63 It is 
suggested that a selection of nanoclusters termed high A/V nanoclusters would have high 
1O2 generation rate. For example, the Ag44 nanocluster is calculated to have the same 
high A/V as the Au144 nanocluster (Figure 5.4) and could be predicted to have a higher 
1O2 generation rate than lower A/V nanoclusters. 
 















































Scheme 5.1. Summary of 1O2 photosensitizers’ properties. 
Finally, live cell imaging was carried out to explore the viability of metal 
nanoclusters for PDT in cells by one- and two-photon excitation. The Au25(GSH)18 
nanocluster was chosen for this demonstration due to their solubility in water. The Au144 
nanocluster was organic-soluble. The established synthesis of this nanocluster did not 
involve water-soluble ligands. More importantly, the slower 1O2 generation rate of Au25 
compared to Au144 allows cell imaging in a more reasonable timeframe. In a control 
experiment, the cells did not show sign of cell death after a 24-hour incubation which 
indicates the non-toxicity of the nanoclusters (Figure 5.6). 
1O2 production rate
Au144 > Au25, Ag32 > NMB > NP
Triplet excited state lifetimes
Au144 < Au25, Ag32 < NMB
Triplet excited state formation quantum yield
Au144 (suggested) > Au25 > NMB
A/V




Figure 5.6. Cell viability with Au25(GSH)18 nanoclusters at different concentrations, 
excited at 400 nm (diode) after 24 hour incubation. 
 
Under one-photon excitation (400 nm) by a diode, the energy was not sufficient to 
trigger PDT within a 20 min timeframe as evidenced by the integrity of the cell after 18 
min in figure 5.7. A few examples are highlighted to compare the cells at time 0 and 18 
min. The physical shape of the cells did not change after one-photon excitation of the 
nanoclusters. However, two-photon excitation using a pulsed 800 nm laser triggered cell 
death in as little as 15 min. The middle panel in figure 5.7 highlights examples of the 
physical shape of the cells before and after two-photon excitation of the nanoclusters. The 
deformation and, ultimately, shrinkage of the cells indicate membrane rupture and release 
of cell contents into the surrounding.9 The control experiment confirms that cell death is 
triggered by PDT with the nanoclusters because the cells remain intact after excitation in 
the absence of the nanoclusters. The effective PDT by two-photon excitation is due to the 
Control 400 μg/mL
200 μg/mL 100 μg/mL
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high two-photon absorption cross-section of metal nanoclusters (σ = 4 x 105 GM) 
compared to conventional photosensitizers (e.g. NMB, σ = 7 GM).25,64 Due to the 
superior spatial resolution and sensitivity of two-photon absorption, and the high 1O2 
generation rate of metal nanoclusters, PDT by two-photon excitation with nanoclusters 
enables deep tissue imaging, fine control over exposure area and efficient treatment.65–68 
 
Figure 5.7. Comparison of one- and two-photon excited fluorescence microscopy images 
of NIH/3T3 mouse fibroblast cells with 400 µg/mL Au25(GSH)18. Increase in 






In conclusion, HA/V metal clusters present the superior properties in comparison to 
conventional dye photosensitizers and plasmonic nanoparticles for 1O2 generation due to 
their enhanced population in the triplet excited states. Additionally, nanoclusters at the 
transition between bulk and quantum size exhibit quantum confinement effects that can 
be enhanced by the localized plasmon resonance within the nanocluster. Effective PDT in 
cells was illustrated by two-photon excitation of the nanoclusters. Our results indicate 
that the absorption cross section-to-volume ratio, in other words, the aspect ratio for 
photons absorption, is an important factor for high 1O2 generation in metal nanoclusters 
as it means more population to triplet states. 
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Summary and Future Direction  
 
 
6.1 Optical characterization of solid state metal nanoclusters 
As a result of their strong quantum confinement effects, metal nanoclusters show 
unusual optical, electronic, magnetic and catalytic properties. Our group and several 
others have previously focused on the investigation of the optical properties of metal 
nanoclusters in the solution phase by ultrafast spectroscopy.1–9 In this chapter, the optical 
properties of a series of metal nanocluster films of varying inter-cluster distances are 
presented. Emphasis was given on the effect of decreasing the inter-cluster distance on 
the solid state photoluminescence and two-photon absorption. The Au25 was used as the 
model nanocluster for the solid state optical investigations because it is a well-studied 
nanocluster.6,8,10  
Optical quality films were produced with the Au25(SC6H13)18 nanocluster in a 
polystyrene matrix at different inter-cluster distances. The metal nanocluster retains its 
core’s electronic structure as evidenced in the absorption spectra. Furthermore, the 
optical spectrum of the nanocluster film indicates that solid state nanoclusters do not 
form aggregation. The photoluminescence and two-photon absorption cross sections of 
solid state nanoclusters are enhanced with respect to the solution phase nanoclusters due 
to a strong dipole coupling between the nanoclusters in the solid state. The enhanced 
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optical properties of metal nanoclusters indicate that they can be potentially used as 
materials for the fabrication of small optoelectronic and magnetic devices. They may also 
be used as fine protective coatings for optical limiting applications due to the two-photon 
absorption enhancement. 
6.2 The synthesis and optical characterization of chromophore-nanocluster 
oligomers 
As the interest in small metal topologies increases, the use of these materials 
continues to grow as well. It is now clear that metal nanocluster have unique optical 
properties due to the quantum confinement effect. There is a great interest in the 
possibility of collective nanocluster properties in oligomers and larger networks.11–14 
Theoretical insights into the metal cluster assemblies indicate that they would exhibit 
collective properties and novel properties.15,16  
There are two ways to achieve nanocluster assemblies: one by direct linkage between 
the metal nanoclusters through metal-metal bonds, two by using an external linker. The 
advantage of using an external linker is the ability to add functionality to the metal 
nanoclusters. In the work presented in this thesis, a chromophore, 4,4’-
thiodibenzenedithiol (TBT), was used as the linker to link and to functionalize the Au25 
nanoclusters. An emphasis was given on the correlation of chromophore-Au25 nanocluster 
oligomer size and molecular geometry with their linear and non-linear optical properties 
compared to single Au25 nanoclusters.  
The optical absorption of the chromophore-Au25 nanocluster oligomers suggests an 
increase in the transition dipole moment compared to single Au25 nanoclusters. The 
chromophore-Au25 nanocluster oligomers also showed two-photon absorption cross 
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section enhancement of up to 68 times due to the strong dipole coupling between the 
nanoclusters. An analysis on the molecular geometry between Au25-chromophore-Au25 
revealed that it has a bent molecular geometry around a central electronegative sulfur 
atom. Due to this geometry, the chromophore-Au25 nanocluster oligomers have higher 
polarizability compared to a monomer Au25.  
Furthermore, the chromophore-nanocluster oligomers show strong dipole coupling 
between the chromophore and the nanocluster. Such functionality is not found in cluster 
assemblies with fused metal cores as the linkage type. The nanoclusters in the 
chromophore-Au25 nanocluster oligomers have a common energy state due to the shared 
chromophore – a common surface state. Excited state dynamics of the oligomers show 
long excited state lifetimes compared to single Au25. The long excited state lifetime is 
due to the contribution by each cluster in the oligomer. The nanocluster’s core energy 
transfer to a common surface state. Thus it is expected that the near-IR emission of the 
oligomers should enhance but due to the mix ligands distribution on the oligomers, 
fluorescence enhancement was not observed. The effect of nanocluster’s core energy 
transfer to the surface states and the effect of ligands on the emission quantum yield are 
well documented.4,17,18  
Overall, the collective properties of nanoclusters in an assembly can be used in a wide 
variety of applications. For instance, long triplet excited state lifetimes can be employed 
in photodynamic therapy. If large networks or crystals of nanoclusters can be made, they 
can be used as optics elements or devices, or they may be used as fluorescent coatings for 




6.3 Metal nanoclusters as two-photon photodynamic therapy agents 
The creation of nanomaterials has led to new applications in biology and medicine 
such as photodynamic therapy (PDT).19-22 Metal nanoclusters have emerged as new 
candidates for PDT to replace existing PDT agents due to their excellent photostability, 
precise targeting, low toxicity and quantum confinement effects.6,23–25 Furthermore, they 
have been shown to be effective PDT photosensitizers for singlet oxygen generation.26–29 
Chapter 5 aimed to understand the singlet oxygen generation rate of metal nanoclusters of 
different sizes and correlate the rate to their electronic properties. It is also the aim of this 
work to demonstrate the efficiency and viability of using metal nanoclusters for two-
photon PDT in live cells.  
Three different metal nanoclusters were investigated, Au25, Ag32 and Au144. The Au144 
showed a singlet oxygen generation rate that was twice as high as the other clusters. An 
analysis on the electronic properties of the Au144 indicates that the core-localized plasmon 
resonance enhances the triplet excited state population in Au144. Additionally, the Au144 
show higher absorption-to-volume ratio, comparable to that of plasmonic nanoparticles, 
but due to the presence of triplet states, the Au144 possesses both properties which 
enhances the singlet oxygen generation rate.  
Finally, due to the high two-photon absorption cross sections of metal nanoclusters, 
two-photon excitation can be used as a safer alternative to PDT. Additionally, using near-
IR excitation will allow deep tissue penetration. Live cells imaging of metal nanoclusters 
in action reveals that two-photon excitation resulted in fast PDT as evidenced by the 
rapid cell death. One-photon excitation, on the other hand, did not show PDT within the 
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monitored time frame. Thus this work highlight that high absorption-to-volume ratio 
metal nanoclusters are new promising candidates for effective two-photon PDT. 
6.4 Future direction: Non-linear optical investigation of highly fluorescent bimetallic 
Au@Ag nanoclusters 
Metal nanoclusters are quantum sized (< 2 nm) nanoparticles which show molecular-
like properties.6,30,31 Over the years, research effort has been devoted to the understanding 
of the fundamental science behind these nanoclusters due the importance of this size 
regime which bridge between the molecular and metallic systems.32–35 In particular, the 
structure-function relationship has been a question of scientific importance.1,8,31,36 
However, it is only partially clear the relationship between size evolution and electronic 
properties. Since there are large differences in the structure between metal nanoclusters, 
understanding the size-property correlation is challenging.8 Jin et al discovered recently 
that a series of gold nanoclusters exhibit periodicity in both their structure and optical 
properties.31 Although this is the first step in the direction to understanding size-property 
evolution, the challenge still remains to encompass all the known stable sizes 
nanoclusters into a clear size-property picture. 
On the other hand, the structure-property relationship is now better understood due to 
the successful crystallization of metal nanoclusters and structural determination, and the 
combined experimental and theoretical studies of their electronic properties.1,6,37,38 It is 
known, for example, that the electronic transitions in Au25(SR)18 nanoclusters are due to 
the intra-bands and inter-bands transition of the Au13 icosahedral core.
37,39,40 Ultrafast 
spectroscopic techniques allowed us to understand the intra-molecular energy transfer 
property and origin of fluorescence of metal nanoclusters.1,4–7,41 
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The molecular-like properties of metal nanoclusters that are most interesting for 
applications are fluorescence and two-photon absorption (TPA).42–46 They have found 
applications in biomedical fields such as sensing and imaging which rely on the 
fluorescence property of the nanoclusters.47,48 However, the fluorescence quantum yields 
of most metal nanoclusters are low.49–51,17 Motivated by the useful applications of 
nanocluster’s fluorescence, synthetic efforts have been focused on preparing highly 
fluorescent metal nanoclusters.9,36,49–53 One interesting discovery is the phenomenon of 
aggregation-induced emission (AIE) of the precursors of gold nanoclusters, Au(I)-
thiolates.49 Later, Xie et al expanded this discovery to bimetallic gold-silver 
nanoclusters.51 Silver nanoclusters are known to show enhanced optical properties when 
compared to gold nanoclusters but due to their lower colloidal stability, silver 
nanoclusters have yet to receive the same research interest as gold nanoclusters.1,36 
Nevertheless, silver has been used as a dopant in gold nanoclusters and the resulting 
bimetallic nanoclusters have shown synergistic effects from the two metal atoms.54 
With the collaboration of professor Jianping Xie, we aim to explore the TPA property 
of the highly fluorescent Aux@Ag(1-7) nanoclusters and compare them to the parental Aux 
nanoclusters. Gold nanoclusters have shown to be efficient two-photon absorbers 
compared to larger particles which makes them good candidates for two-photon 
imaging.2 On the other hand, silver nanoclusters, although they have higher emission 
quantum yields than gold nanoclusters, have very low TPA cross sections.1 Unlike 
traditional Au-Ag alloy nanoclusters, where the Ag atom is usually a dopant in the Au 
nanocluster’s structure, the Au@Ag nanoclusters synthesized by our collaborators 
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maintain an intact Au nanocluster structure with Ag1+ ions  coordinating the sulfur atoms 
on the Au nanocluster’s staple motifs.51 
Shown in Figure 6.1. is the steady state absorption of the Au@Ag nanoclusters 
compared to the monometallic Au nanoclusters. The Au@Ag nanoclusters show higher 
absorption coefficients, which indicate that they have higher transition dipole moments 
compared to the monometallic Au nanoclusters. It is therefore expected that the Au@Ag 
nanoclusters would have enhanced two-photon absorption. The two-photon absorption 
cross section can be approximated by equation 6.1, where C is a constant; µ are the 
transition dipole moment from the ground state to the intermediate state, and from the 
intermediate state to a final state; E is the energy gap between the ground state and 
intermediate state and Γ is the HWHM of the two-photon absorption band.55 
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Figure 6.1. Steady state absorption of Au@Ag nanoclusters compared to their parental 
Au nanoclusters and the highly luminescent monometallic Au22 nanocluster. 
 





















































The two-photon absorption cross sections of Au@Ag and parental Au nanoclusters 
were obtained by the two-photon excited fluorescence method. The cross sections were 
normalized by dividing them by the number of metal atoms in the cluster (Figure 6.2). 
Since the Au@Ag nanoclusters contain a distribution of 1 to 7 Ag1+ atoms, the cross 
sections are displayed as a range. The median of the range is displayed in the figure. 
Taking into account the standard deviation of the median, the Au15@Ag and Au18@Ag 
appear to have comparable TPA cross sections. The larger cluster, Au25@Ag has a lower 
TPA cross section per atom by 2 orders of magnitude. This observation is in line with our 
previous observations that the TPA cross section per atom of metal nanoclusters increases 
with decreasing cluster size due to the strong quantum confinement effect.2 
 
Figure 6.2. Two-photon absorption cross section per atom of the bimetallic Au@Ag 
nanoclusters compared to the parental Au nanoclusters at 800 nm. 
 































However, the TPA cross sections of the Au@Ag nanoclusters are lower compared to 
the parental Au nanoclusters despite the higher transition dipole moment of the Au@Ag 
nanoclusters. It may be due to the fact that Ag has lower electron count than Au, which 
results in Ag nanoclusters having lower TPA cross sections than Au nanoclusters.1 
However, the Au atoms are not replaced by the Ag1+ ions in Au@Ag nanoclusters. It is 
not clear how the Ag1+ ions are distributed on the surface of the Au nanoclusters, 
therefore, it is likely that there is symmetry breaking which may affect the TPA cross 
sections (Figure 6.3). In fact, the effects of molecular symmetry on the TPA cross 
sections have been demonstrated previously in our group in multi-annulene molecules.56 
The molecules exhibiting the highest symmetry were shown to have larger TPA cross 
sections by a factor of 10-100. According to equation 6.1, the TPA cross section is also 
influenced by the two-photon absorption spectral width. A future direction on this project 
is to analyze the two-photon absorption of these clusters at different excitation 
wavelengths. Two-photon absorption spectra can be obtained in this manner by plotting 
the TPA cross sections against the absorption wavelengths. Our group has an Opal – 
femtosecond synchronously pumped optical parametric oscillator (SPPO) by Spectra 
Physics which can be used for two-photon excited fluorescence measurements at 
different visible to IR wavelengths of excitation. By analyzing the two-photon absorption 
spectral width between Au@Ag and Au nanoclusters, we will be able to provide a more 
complete explanation to the observed TPA cross section trend. Lastly, a highly 
fluorescent Au22 nanocluster was also used to compare to the Au@Ag nanoclusters. The 
Au22 nanocluster have a TPA cross section per atom similar to that of Au25@Ag. The 
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Au22 nanocluster is non-spherical, but is symmetric on one axis.
9 It is therefore a non-
centrosymmetric molecule.  
Additionally, the excited state dynamics of the bimetallic nanoclusters will be 
analyzed by time-correlated single photon counting and transient absorption 
spectroscopy. As seen in equation 6.1, the TPA cross section is strongly influenced by the 
transition dipole moments between the ground state and the intermediate state, and the 
transition dipole moment between the intermediate state and final excited state (Figure 
6.3). Analysis of the excited state dynamics of the bimetallic nanoclusters will reveal 
information regarding the excited-state transition dipole moment.56 Together with the 
transition dipole moment of the ground state (Figure 6.1), the µgi and µif terms can be 
compared to understand the effect of symmetry of the bimetallic nanoclusters on their 
TPA cross sections. 
This work is already in progress. Two undergraduate researchers in our group will be 
collaborating on the optical investigations of these materials as well. This work 
encompasses five different optical characterization techniques and is an excellent 
opportunity to introduce the students to ultrafast spectroscopy. A manuscript is in 




Figure 6.3. Energy level diagram of two-photon absorption for centrosymmetric and 
non-centrosymmetric molecules.57,58 
 
6.5 Functionalized metal nanocluster-conjugated polymer films 
As a continuation to the work on solid state metal nanoclusters embedded in polymer 
host, one particular direction that is worthy of pursuit is the fabrication of metal 
nanoclusters-conjugated polymer films and their optical characterization. For practical 
applications, metal nanoclusters are used in conjunction with other functional materials 
for the construction of devices.59–62 Metal nanoclusters have been shown to couple 
strongly with organic chromophores and fluorescent proteins.63–67 Non-radiative energy 
transfer and electron transfer between a metal nanocluster and a chromophore have been 
observed. As shown in chapter 3, the fluorescence and two-photon absorption of metal 
nanoclusters in the solid state are significantly enhanced compared to the solution phase, 
further demonstrating that metal nanoclusters are promising materials for the fabrication 
of miniature devices. In particular, the fluorescence of metal nanoclusters is of interest 
for both the fundamental science (e.g. origin of fluorescence) and applications. It’s been 
shown that the fluorescence of the metal nanoclusters is influenced by the ligand-to-metal 
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charge transfer (LMCT), metal core and staple motifs electron-phonon coupling, cluster-
cluster coupling if the inter-cluster distance is within the resonance energy transfer 
distance, and aggregation-induced emission.17,50,68,69 Therefore, a systematic study on the 
modulation of the optical properties of metal nanoclusters and conjugated polymer in a 
nanocluster-polymer film will allow us to understand the photophysical properties of 
these coupled materials for applications in devices. This project is currently lead by a 
graduate student in the group. As a first step in this direction, the optical properties of a 
series of benzodifuran (BDF) and diketopyrrolopyrrole (DPP) polymer films are currently 
being investigated. 
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